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Abstract
We discuss the phenomenology of right-handed charged currents in the framework of the
Standard Model Effective Field Theory, in which they arise due to a single gauge-invariant
dimension-six operator. We study the manifestations of the nine complex couplings of the
W to right-handed quarks in collider physics, flavor physics, and low-energy precision mea-
surements. We first obtain constraints on the couplings under the assumption that the right-
handed operator is the dominant correction to the Standard Model at observable energies.
We subsequently study the impact of degeneracies with other Beyond-the-Standard-Model
effective interactions and identify observables, both at colliders and low-energy experiments,
that would uniquely point to right-handed charged currents.
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1 Introduction
The existence of right-handed charged currents (RHCC) is a distinctive signature of left-right
symmetric extensions of the Standard Model (SM) [1–3]. This class of models is quite attractive
as it allows parity to be restored at high energies by extending the SM gauge symmetries to
SU(3)c × SU(2)R × SU(2)L × U(1)B−L. An explanation for parity violation is then provided
by the spontaneous symmetry breaking of this extended gauge group. Moreover, TeV scale left-
right theories provide an appealing realization of the seesaw mechanism for neutrino masses [4].
In light of the ongoing efforts to search for new physics at the Large Hadron Collider (LHC) and
in low-energy precision measurements, it is timely to assess the status and prospects of detecting
signals of right-handed charged currents over a broad spectrum of probes.
In this paper, we consider a setup in which RHCC interactions manifest themselves at observ-
able energies, including the scales probed at colliders, through a single SU(3)c×SU(2)L×U(1)Y -
invariant dimension-six operator [5, 6], namely
L6,qqϕϕ = 2
v2
iϕ˜†Dµϕ u¯iRγ
µ ξijd
j
R + h.c. , (1)
where Dµ is the covariant derivative, ϕ is the Higgs doublet, ϕ˜ = iσ2ϕ
∗, v = 246 GeV is the
Higgs vacuum expectation value, i and j are generation indices, and we work in the quark mass
eigenbasis. After electroweak symmetry breaking this operator gives rise to a coupling of the
W± boson to a right-handed charged current. In the unitary gauge we have
L6,qqϕϕ = g√
2
[
ξij u¯
i
Rγ
µdjRW
+
µ
](
1 +
h
v
)2
+ h.c., (2)
where g is the SU(2)L gauge coupling. The operator in Eq. (1) arises in left-right symmetric
models from the mixing between the charged gauge bosons of the SU(2)R and SU(2)L gauge
groups. In this case ξij is proportional to a unitary 3 × 3 matrix, the right-handed analog of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Here we do not commit to a specific model,
so that ξ is a generic 3 × 3 matrix, with 9 independent complex parameters. The elements ξij
scale as ξij ∼ O(v2/Λ2), where Λ is the scale of new physics. We work within the framework
of the SM effective field theory (SMEFT), in which it is a valid approximation to only consider
dimension-six operators as long as there is a gap between the scale of new physics and the
largest energy scale in the problem. For low-energy observables the largest energy scale will
be the electroweak scale, such that we have the requirement Λ > v. Instead, due to the larger
energies available at colliders, the effects of Eq. (1) can be investigated in pp collisions at the
LHC if one assumes that Λ > few TeV.
Although we do not restrict ourselves to a specific model it is worthwhile to mention how
Eq. (2) can be induced in UV-complete models. For example, in the minimal left-right symmetric
model (see e.g. Ref. [7]) the effective operator arises due to the mixing between left- and right-
handed W bosons. In this set-up, after integrating out the heavy right-handed W boson, we can
identify ξij ∼ (κκ′/v2R)(VR)ijeiα where κ and κ′ are vacuum expectation values of the order of
the electroweak scale, vR  v is the right-handed scale, α is a CP-violating phase arising from
the extended Higgs sector of the model, and VR the right-handed analogue of the CKM matrix.
With further assumptions, such as explicit P and/or C symmetry at high energies, VR can even
be calculated in terms of SM quantities, such as quark masses and CKM elements, and the new
model parameters κ, κ′, and α [8–10]. In this way, our results can be used in phenomenological
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analyses of UV-complete scenarios, although care must be taken as other effective operators
might be induced at the matching scale.
The operator (1) has several interesting manifestations, both at high- and low-energy. At
colliders, it affects the production and polarization of W bosons. Furthermore, the operator
(1) affects the production cross section of the Higgs boson, both in associated production with
a W boson and in the vector boson fusion (VBF) channel. As we will discuss, invariance
under the SM gauge group causes Eq. (2) to modify not only the Wqq′ vertex, but also the
HWqq′ interaction. This latter interaction produces a very different dependence of the Higgs
production cross section on kinematic variables such as the partonic center of mass energy or the
Higgs transverse momentum. This in turn results in a large enhancement of the ξ-mediated cross
section compared to the SM, especially for WH associated production. As a consequence, we
will see that, for the first two rows of the ξ matrix, processes involving the Higgs are already more
constraining than single W production. The third row of the ξ matrix is directly constrained
by single-top production, and top decay. In particular, the measurement of the W polarization
in top decay allows for a direct access to the Lorentz structure of the Wtb vertex, and to test
its left-handed nature.
The operator (1) leaves a distinctive trace at low energy as well. Indeed, it is the only
dimension-six operator in the SMEFT that induces a tree-level charged-current coupling of left-
handed leptons to right-handed quarks, thus affecting baryon β decays, and meson leptonic and
semileptonic charged-current decays. We will see that, under the assumption that the SM is
modified predominantly by a RHCC at the high energy scale Λ, low-energy probes provide very
stringent constraints on the first two rows of the ξ matrix. However, the most constraining
observables are degenerate enough that, by introducing new physics beyond the ξij , the bounds
can be weakened to levels that are comparable to collider sensitivities. Less degenerate ob-
servables, such as decay correlations in the neutron β decays, suffer from comparatively large
theoretical uncertainties, so that, once again, they probe the ξij at levels comparable to collider
experiments. One of our main findings is that once one tries to remove degeneracies by identify-
ing observables that are sensitive primarily to ξij , collider searches and low-energy probes have
comparable sensitivity, and it is of great value to pursue both.
In addition to observables that are at least in principle directly sensitive to RHCC, we also
consider indirect bounds, both at high- and low-energy. Some of the most stringent indirect
limits arise through top-quark loops which induce large corrections, enhanced by mt/mdj , to
the bottom-Yukawa coupling and dipole operators. In turn, the bottom Yukawa induces h→ bb¯,
while the dipole operators contribute to B → Xs,dγ, the rare decay KL → pi0e+e−, and hadronic
electric dipole moments (EDMs). We will see that the constraints from these loop processes are
several orders of magnitude stronger than direct constraints from top production and decay. Fur-
thermore, RHCC of light quarks induce tree-level contributions to EDMs and direct CP-violation
(CPV) in kaon decays [11]. The stringent bounds on hadronic EDMs and the experimental value
of ′/ can therefore be used to rule out couplings larger that Im ξud,us ∼ 10−6−10−7, suggesting
a very high right-handed scale. While these indirect probes are certainly more “degenerate” than
direct observables (i.e. they receive contributions from several other dimension-six operators in
the SMEFT), the bounds that they imply are nonetheless very significant. Within the SMEFT
these limits put stringent bounds on certain directions in the space of dimension-six Wilson
coefficients, thereby imposing non-trivial constraints on new physics scenarios.
This paper is organized as follows. We start by investigating the constraints coming from
colliders in Section 2. We discuss direct W production in Section 2.1, associated production
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of a Higgs and a W boson in Section 2.2, and Higgs production via VBF in Section 2.3. We
then consider constraints on the ξtj elements coming from top production and decay in Section
2.4, and from the decays of the Higgs in Section 2.5. To connect to low-energy observables,
in Section 3, we integrate out the heavy SM particles and match onto a low-energy effective
Lagrangian. In Section 4 we consider the constraints coming from β decay, and from leptonic
and semileptonic meson decays. We then discuss observables sensitive to non-leptonic operators
induced by the operator (1), organizing the discussion in ∆F = 0 observables (Section 5), which
consists of hadronic EDMs, ∆S = 1 observables, including ′/ and KL → pi0e+e− (Section 6),
and ∆B = 1 observables, mainly related to inclusive and exclusive b→ s, dγ transitions (Section
7). In Section 8, we obtain limits on the real and imaginary part of ξij by taking into account
all the observables discussed above, in a scenario in which only one of the elements is turned
on at the high scale. In Section 9 we discuss strategies to unambiguously identify the signal of
a RHCC, both at low energies, and in associated production of a Higgs and a W . Finally, in
Section 9.3 we consider more in detail the Wtb vertex. We conclude in Section 10.
2 Right-handed charged currents at colliders
In this section we study the effects of the RHCC operator ξ on several processes of interest at
the LHC. We focus on W production, associated production of a W and a Higgs boson, Higgs
production via vector boson fusion, and single-top production, as we expect these processes to be
the most sensitive to RHCC. For all these processes, we include NLO QCD corrections to both
the SM and BSM contributions, and, with the exception of single-top production, we implement
the processes in the POWHEG BOX V2 [12–14]. We also consider the effect of the ξ operator on
the decays of the top-quark and the Higgs boson.
Throughout this Section we always consider nf = 5 massless quarks and we include the exact
top-quark mass dependence when necessary. For processes involving light quarks only, this is
justified by the fact that the interference of the right-handed currents with the SM is suppressed
by two insertions of the light quark masses. The interference is negligible for values of the
couplings ξij  yuiydj , where yui,dj are the SM Yukawa couplings. Even in the most favorable
case, ξcb, neglecting the charm and bottom masses is reasonable for ξcb > 10
−3, a level that, as
we will see, is far from the sensitivity that can be reached by present collider experiments. In
the case of single-top production and top decays, interference terms are important for ξtb ∼ ybyt.
While in this case the corrections are more relevant, they are still subleading with respect to
terms quadratic in ξtb for the values of the coupling accessible at colliders.
2.1 W production
The first process we analyze to look for manifestations of RHCC is W± production. This process
is accurately measured at the LHC, both at the level of the inclusive cross section as well as
for differential distributions [15–25]. Precise high-order calculations of the SM background are
available up to fixed NNLO QCD corrections [26–28] and also include the resummation of the
vector-boson transverse momentum [29,30]. More recently, the interface of the NNLO predictions
with the parton shower has been presented in Ref. [31]. A careful quantitative assessment of the
size of the corrections at different orders, both in QCD and EW, has been presented in Ref. [32].
For this study, we have calculated the NLO QCD corrections to the partonic processes mediated
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Figure 1: Transverse mass distribution mWT in pp→W+ → e+ν at
√
S = 13 TeV in the presence
of right-handed charged currents.
by RHCC and interfaced with the parton shower according to the POWHEG method, extending
the original work of Ref. [33].
The contribution of the RHCC operator to W±-production observables that are symmetric
under the exchange of the charged lepton and the neutrino momenta, is identical to the SM
contribution after the replacement of the CKM elements Vij by ξij . For example, in Fig. 1 we
show the differential distribution with respect to the W transverse mass which is defined as [34]
mWT =
√
2|pT l||pT ν |(1− cos ∆φlν) . (3)
Here pT l and pT ν are the charged-lepton and the neutrino transverse momenta, respectively,
and ∆φlν is their azimuthal separation. We evaluate the cross section at
√
S = 13 TeV for the
SM (blue curve), ξud = 0.3 (green curve), and ξud = 0.03 (red curve). The effect of the RHCC
amounts to a rescaling of the cross section. Since the correction is quadratic in ξij , choosing
ξud = 0.3 gives approximately a 10% correction to the SM prediction, while ξud = 0.03 gives
sub-permille corrections. Presently, the W± cross section at 13 TeV is known with roughly 3%
experimental uncertainty and a similar theoretical uncertainty [16], implying that the bound on
ξud that can be extracted from the W
± cross section is at best around |ξud| . 0.2. Due to PDF
suppression, the bounds on the other elements of the ξij matrix are even weaker. As we discuss
in Section 2.2, with current sensitivity, the associated production of a Higgs and a W boson
is already more constraining than W production. For this reason, we do not list the bounds
coming from W production on the various ξij elements.
The angular distribution of the charged leptons in W± decay is sensitive to the left-handed
nature of the W boson in the SM [35]. One might therefore expect that angular distributions
can provide stronger constraints. In Fig. 2 we plot the differential distribution with respect to
cos θ∗, where θ∗ is the polar angle of the charged lepton in the W -boson rest frame, with the
z-axis chosen to be in the direction of the W -boson momentum in the laboratory frame. The
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Figure 2: Polar angle cos θ∗ distribution in pp→ W+ → e+ν and pp→ W− → e−ν¯ at √S = 7
TeV, in the SM and in the presence of ξud. θ
∗ is the polar angle of the charged lepton, measured
in the W boson rest frame, with the z-axis chosen to be oriented along the W direction in the
lab frame.
differential cos θ∗ distribution is related to the W boson polarization fractions, F0, FL, and FR
by the relations [35]
F0 =
∫
d cos θ∗(2− 5 cos2 θ∗) 1
σ
dσ
d cos θ∗
, (4)
FL =
∫
d cos θ∗
(
−1
2
∓ cos θ∗ + 5
2
cos2 θ∗
)
1
σ
dσ
d cos θ∗
, (5)
FR =
∫
d cos θ∗
(
−1
2
± cos θ∗ + 5
2
cos2 θ∗
)
1
σ
dσ
d cos θ∗
, (6)
where the upper (lower) sign is for W+(−).
Fig. 2 depicts the cos θ∗ distribution for the SM (blue curve), for ξud = 0.3, and for ξud = 0.03.
These predictions were evaluated at
√
S = 7 TeV and we applied the same pWT cuts as used in
the analysis of Ref. [18]. We observe that ξud does not affect the longitudinal fraction F0, while
it increases the fraction of right-handed polarized W ’s, and decreases FL − FR. We find the
helicity fractions to be given by
F0 = 0.21, FL = 0.54
1 + 0.3 ξ2ud
1 + 0.8 ξ2ud
FR = 0.25
1 + 1.9 ξ2ud
1 + 0.8 ξ2ud
, (7)
for 35 GeV < pWT < 50 GeV, and
F0 = 0.19, FL = 0.55
1 + 0.4 |ξud|2
1 + 0.8 |ξud|2 FR = 0.26
1 + 1.8 |ξud|2
1 + 0.8 |ξud|2 , (8)
for pWT > 50 GeV. These helicity fractions were measured in Ref. [18] with uncertainties of
roughly 20% on FL − FR and larger uncertainties on F0. The significant uncertainties allow for
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Figure 3: Leading-order contribution to the associated production of a Higgs and a vector boson.
Dots denote SM vertices, while squares denote an insertion of ξ.
rather large values of ξud, up to ξud ∼ 0.4. The contributions to the W helicity fractions involving
other elements of the ξij matrix are further suppressed by the respective PDF’s resulting in even
weaker bounds. We conclude that at the moment the W polarization fractions do not provide
strong constraints on the effects of RHCC.
2.2 Associated production of a Higgs and a W± boson
As for single W-boson production, WH associated production is available at NNLO in QCD [36–
38] and is matched to the parton shower up to the NNLO+PS level [39].
A representative set of tree-level diagrams contributing to associated WH production at LO
in presence of RHCC is shown in Fig. 3. The first diagram denotes the SM contribution. The
remaining two diagrams involve an insertion of ξ, which is denoted by a square. In addition to
a contribution similar to the SM (the second diagram), the ξ operator induces a local (q¯′q)RhW
interaction (the third diagram), which leads to a large enhancement of the RHCC contribution.
The interference of the right-handed currents with the SM is suppressed by two insertions of the
light quark masses and is negligible for values of the couplings that can be probed at the LHC.
We therefore focus on the contributions quadratic in ξ.
We computed the NLO QCD corrections to the RHCC contributions to the WH cross section,
also considering the decay of the W into leptons. This implementation builds upon the original
NLO+PS POWHEG BOX code in [40]. The SM NLO cross section at
√
S = 8 TeV is
σW+H = (0.461± 0.021) pb, σW−H = (0.264± 0.017) pb , (9)
where we used the NLO PDF sets CT10, MSTW08, and NNPDF2.3. The error is dominated by
PDF uncertainties while scale variations are about (2-3)%. In Tab. 1 we give the cross sections
induced by ξ at
√
S = 8 TeV. The central value is evaluated at the scale µ = mH + mW .
As for the SM results, the errors are dominated by PDF variations that are roughly 10%. As
expected, PDF errors are larger for processes involving the strange PDF, which is not known
at the same level as the PDFs of the lighter quarks. The cross sections at 13 and 14 TeV have
similar theoretical uncertainties.
Using the total cross sections in Tab. 1, we construct the production signal strength in the
presence of the RHCC,
µξWH = 1 +
σξ
W+H
+ σξ
W−H
σSM
W+H
+ σSM
W−H
. (10)
Our results for the production signal strengths at
√
S = 8, 13 and 14 TeV are summarized in
the upper half of Tab. 2. As discussed in Section 2.5, the first two rows of the ξij matrix do not
7
|ξud|2 |ξus|2 |ξub|2 |ξcd|2 |ξcs|2 |ξcb|2
central 230 158 66.4 12.7 7.48 2.84
σW+H (pb) scale ±4 ±3 +0.8−0.4 +0.2−0.1 +0.08−0.04 +0.08−0.04
PDF 20 36.0 3.2 1.8 2.32 0.48
central 100 17.4 6.64 50.4 7.72 2.84
σW−H (pb) scale ±2 +2.8−2.4 +0.08−0.04 +0.8−0.4 +0.08−0.04 +0.08−0.04
PDF 10.4 4.00 1.12 3.2 2.08 0.48
Table 1: Corrections to the W±H cross section induced by the RHCC ξij at
√
S = 8 TeV. The
total cross section is σW±H = σ
SM
W±H +
∑
aij |ξij |2, where the sum is over all light quarks. The
values and theoretical uncertainties of aij are given in the table.
significantly affect the Higgs branching ratios. We can thus safely assume that Higgs decays are
SM-like and we simply use the production signal strength in the WH channel in our analysis.
The combined result from the ATLAS and CMS collaborations is [41]
µWH(8 TeV) = 0.89
+0.40
−0.38 . (11)
In the lower half of Tab. 2 we list the 90% CL bounds on |ξij |, with the assumption that the
SM is modified only by a RHCC at the high-energy scale Λ  v1. The constraints are much
stronger than those extracted from W± production. The ATLAS collaboration also published
preliminary results obtained at 13 TeV [44]
µWH(13 TeV) = 0.33
+0.95
−0.92 . (12)
The larger contribution of the RHCC operators to the cross section is compensated by the larger
experimental errors, resulting in similar constraints as obtained from the 8 TeV data.
In Tab. 2 we also show the signal strength and projected bounds at
√
S = 14 TeV. The RHCC
contributions to the cross section grow faster than the SM contributions, resulting in a greater
sensitivity at the LHC Run 2. The projected bounds in Tab. 2 assume a 20% uncertainty on
the µWH signal strength. For all coefficients the improvement is roughly a factor of 2.
The pattern of the constraints in Table 2 can be simply understood in terms of the parton
distributions. WH production is most sensitive to ξud, which involves two valence quarks in
the proton, followed by the couplings with one valence quark, ξus, ξub, and ξcd. The bounds
become weaker for ξcs and ξcb as the PDFs involve two sea quarks in these cases. While the
current and projected bounds on ξud, ξus, ξcd, and ξcs are at least a factor of 10 smaller than the
corresponding CKM matrix element, the WH cross section allows for values of ξub and ξcb that
are much larger than Vub and Vcb. As we will discuss, this possibility is excluded by inclusive
and exclusive B decays.
We have focused so far on the signal strengths alone. Differential distributions can provide
additional valuable information. In particular, as shown in Fig. 4, the RHCC contribution is
1Since the coefficients ξij depend very mildly on the initial scale Λ [42,43], we do not specify its precise value.
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√
S |ξud|2 |ξus|2 |ξub|2 |ξcd|2 |ξcs|2 |ξcb|2
8 TeV 451± 29 250± 57 101± 7 87± 7 22± 6 8± 2
µWH -1 13 TeV 663± 42 381± 80 164± 11 142± 10 42± 10 16± 3
14 TeV 703± 45 406± 84 177± 12 153± 11 46± 11 18± 3
|ξud| |ξus| |ξub| |ξcd| |ξcs| |ξcb|
ATLAS, CMS [41] 8 TeV 0.04 0.05 0.08 0.08 0.19 0.30
ATLAS [44] 13 TeV 0.04 0.06 0.08 0.09 0.18 0.28
future 14 TeV 0.02 0.03 0.04 0.05 0.09 0.13
Table 2: Signal strength for the WH production channel at
√
S = 8 TeV, 13 TeV, and 14 TeV,
and 90% CL bounds on ξij . The projected bounds at 14 TeV assume 20% uncertainties on µWH .
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Figure 4: Cross section for the production of HW+, with W+ → νe+, at √S = 14 TeV,
differential with respect to the Higgs pT .
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enhanced for large values of the Higgs transverse momentum, or of the WH invariant mass, so
that the study of differential distributions at the current and future LHC runs could further
improve the collider bounds on ξ. In Section 9 we will explore in more detail how to construct
observables that can discriminate between RHCC and corrections to the WH cross section from
other dimension-six operators in the SMEFT.
2.3 Vector boson fusion
The production rate for an Higgs boson via vector boson fusion (VBF) is also sensitive to the
RHCC. The tree-level diagrams contributing to VBF Higgs production are shown in Fig. 5.
As for WH associated production, one topology is identical to the SM with the CKM matrix
replaced by ξij . In addition, the ξ operator induces a q¯
′qhW vertex depicted in the last diagram
of Fig. 5. This topology again leads to an enhancement with respect to the SM, albeit not as
numerically significant as for WH associated production.
The total cross section for Higgs production through VBF has been recently computed in
the SM at N3LO in QCD [45]. Fully-differential distributions are available up to NNLO [46]
and the interface with parton showering is available at NLO+PS accuracy [47]. For this study,
we computed the NLO QCD corrections to both the SM and the RHCC VBF cross sections,
building upon the POWHEG implementation presented in Ref. [47]. We find that the total VBF
cross section is
σVBF(8 TeV)
pb
= 1.6
(
1 + 16.4|ξud|2 + 9.1|ξus|2 + 8.5|ξub|2 + 6.2|ξcd|2 + 2.6|ξcs|2 + 1.1|ξcb|2
)
, (13)
where we used µ = mW as the renormalization and factorization scale, and we computed the
cross section with the CT10nlo PDF set. PDF and scale variations indicate that the theory
uncertainties are below the 10% level.
In order to disentangle VBF from gluon-fusion contributions, the final state is required to
have at least two well-separated jets. The invariant mass of the two jets has to be mjj > 600
GeV, while the rapidity separation has to be |yj1 − yj2 | > 4.2. Furthermore, all jets are required
to have pTj > 20 GeV and |yj | < 5. Within these cuts, the NLO cross section becomes
σVBF(8 TeV)
pb
= 0.30
(
1 + 12.0|ξud|2 + 7.3|ξus|2 + 6.7|ξub|2 + 5.7|ξcd|2 + 1.3|ξcs|2 + 0.3|ξcb|2
)
.(14)
From Eqs. (13) and (14) we see that the VBF channel is sensitive to RHCC, but the modifications
to the signal strength are much smaller than for WH associated production. The combined
ATLAS and CMS signal strength from Run I is [41]
µV BF = 1.18± 0.25 . (15)
This implies that from the signal strength alone we get constraints on, for example, |ξud| < 0.2,
|ξub| < 0.3, and |ξcb| ∼ 1. These bounds are considerably weaker than those given in Table 2
arising from associated production.
At 14 TeV, the cross section within the aforementioned VBF cuts is
σVBF(14 TeV)
pb
= 1.1
(
1 + 23.2|ξud|2 + 12.4|ξus|2 + 11.8|ξub|2 + 8.7|ξcd|2 + 2.4|ξcs|2 + 1.0|ξcb|2
)
,(16)
which again signals a smaller sensitivity to ξij compared to WH associated production.
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Figure 5: Leading order contribution to Higgs production via vector boson fusion. Dots denote
SM vertices, while squares denotes an insertion of ξ.
√
S (TeV) σt (pb) σt¯ (pb) σt+t¯ (pb) Experiment
7 46± 6 23± 3 68± 8 ATLAS [48]
– – 67± 7 CMS [49]
8 57± 4 33± 3 90± 5 ATLAS [50]
54± 5 28± 4 84± 8 CMS [51]
13 156± 28 91± 18 247± 46 ATLAS [52]
150± 22 82± 16 232± 31 CMS [53]
Table 3: t-channel single-top total cross sections measured by ATLAS and CMS.
One advantage of using VBF is the presence of jets in the final state, which gives an additional
handle on the flavor structure of the RHCC. For example, by requiring that at least one of the
jets in the final state is b tagged, we can enhance the contributions of the couplings ξub and ξcb
at the price of a reduced cross section,
σVBF(14 TeV)
pb
∣∣∣∣
btag
= 0.05
(
1 + 235|ξub|2 + 19.3|ξcb|2
)
. (17)
After b tagging, the enhancement of the ξub and ξcb contributions to VBF is slightly better than
the one quoted in Table 2 for WH. Since the flavor tag allows for more direct access to specific
elements of the ξ matrix, it can be interesting to pursue such observables at the Run II.
2.4 Single-top production and W -boson helicity fractions in top decays
The processes considered so far (W production, WH production, and Higgs production via
VBF) do not constrain the ξtj elements of the right-handed current matrix. In this Section, we
consider single-top production, which is sensitive to Wtq couplings, and the W -boson helicity
fractions in top decay, which probe the Wtb coupling, and are sensitive to its left-handed nature.
The largest SM contribution to single-top production at the LHC is via the t-channel exchange
of a W boson. Smaller contributions arise from the associated production of a top and a W
boson and by s-channel W exchange. ATLAS published the measurement of the inclusive and
differential cross sections at
√
S = 7, 8, and 13 TeV, with luminosities of, respectively, 5 fb−1,
20.2 fb−1 and 3.2 fb−1 [48, 50, 52]. CMS published results at
√
S = 7, 8, and 13 TeV, with
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luminosities of 1.56, 20, and 2.3 fb−1, respectively [49, 51, 53]. The observed cross sections are
summarized in Table 3. The associated production of a top and a W boson, and s-channel
single-top production have also been observed [54–56]. In our analysis, however, we include only
t-channel production as this gives the most stringent constraints.
The production of a top-quark in the t-channel can be described both in the 5-flavor scheme,
in which the b quark is considered massless and appears in the initial state, and in the 4-flavor
scheme, which keeps into account mb effects. The total and differential SM cross sections are
known at NNLO in QCD [57] only in the 5-flavor scheme. Top-quark decay is also available
at NNLO [58, 59]. A combination of production and decay in the top-quark narrow-width
approximation has been presented in Ref. [60]. The calculation in the 4-flavor scheme has been
presented at NLO in QCD in Ref. [61] and the interface to the parton shower is discussed in
Ref. [62]. More recently, this process was interfaced with the parton shower at the NLO+PS
level, including off-shell and interference effects [63–65].
We computed the corrections of the operators ξtj to the t-channel single top cross section in
the 5-flavor scheme, including NLO QCD effects building upon the POWHEG implementation in
Ref. [66]. The right-handed current operators interfere with the SM through terms proportional
to the mass of the light down-type quark. For ξtd and ξts operators it is safe to neglect these
terms considering the current collider sensitivity. For ξtb, the interference is more important but
can also be neglected at present.
In Table 4 we give the SM cross section at
√
S = 7, 8, and 13 TeV, and the corrections
induced by the RHCC operators. The cross sections are evaluated at the factorization and
renormalization scale µ = mt. The scale uncertainty was estimated by varying the factorization
and renormalization scales between µ = mt/2 and µ = 2mt. The PDF and αs uncertainties
were conservatively estimated following the original PDF4LHC recipe [67] using the three PDF
sets CT10 [68], MSTW08 [69], and NNPDF2.3 [70]. PDF uncertainties turn out to dominate
the theoretical uncertainty.
In addition to the single-top production cross section, modifications of theWtq vertex strongly
affect the decay of the top quark. An observable particularly sensitive to RHCC is the ratio of
the top decay width into a W and a b quark and the width into all down-type quarks. This
ratio is measured to be [71]
Γ(t→Wb)∑
q=d,s,b Γ(t→Wq)
= 0.957± 0.034 . (18)
In the presence of ξtj , neglecting terms proportional to mb, this becomes
Γ(t→Wb)∑
q=d,s,b Γ(t→Wq)
=
|Vtb|2 + |ξtb|2∑
q=d,s,b (|Vtq|2 + |ξtq|2)
. (19)
Additional information is carried by the helicity fractions of W bosons produced from top
quark decays, which are mostly sensitive to ξtb. The helicity fractions have been measured at
the Tevatron [72] and at the LHC [73–77]. In Table 5 we summarize the results used in our anal-
ysis. The experimental uncertainty is obtained by combining in quadrature the statistical and
systematic errors reported by the experimental collaborations, and considering the correlations
between F0 and FL,R in the determination of the χ
2 function.
The SM helicity fractions have been computed at NNLO in QCD [78]. They can be expressed
as functions of the ratio x = mW /mt. Choosing the top pole mass mt = 173 GeV and mW = 80.4
12
√
S (TeV) SM |ξtd|2 |ξts|2 |ξtb|2
7 σt (pb) 41.9
+1.8
−0.9 309± 3 85.6± 6.4 36.0± 1.2
σt¯ (pb) 22.7
+0.9
−1.0 89.2± 2.4 58.0± 4.8 24.0± 0.8
8 σt (pb) 56.4
+2.4
−1.1 375± 4 110± 8 48± 1.6
σt¯ (pb) 30.7
+1.1
−1.3 115± 3 76± 6.4 32± 1.0
13 σt (pb) 136± 5 720± 12 259± 18 126± 12
σt¯ (pb) 81.0
+4.1
−3.6 265± 11 200± 14 88± 2.4
Table 4: t-channel single-top cross section in the presence of ξtj .
F0 FL FR experiment
0.72± 0.08 0.31± 0.09 −0.03± 0.04 CDF & D0 [72]
0.67± 0.07 0.32± 0.04 0.01± 0.04 ATLAS [73]
0.68± 0.04 0.31± 0.03 0.01± 0.01 CMS [74]
0.72± 0.06 0.30± 0.04 −0.02± 0.02 CMS [76]
0.709± 0.019 0.299± 0.015 0.008± 0.014 ATLAS [77]
Table 5: W helicity fractions measured at CDF, D0, ATLAS, and CMS.
GeV, the SM helicity fractions at NNLO are F0 = 0.687, FL = 0.311, and FR = 0.0017. The
theoretical uncertainty is very small, only at the permille level, and is negligible compared to the
experimental uncertainty. The corrections to the helicity fractions induced by a right-handed
Wtb vertex have been computed at NLO in QCD in Ref. [79], and they can be obtained from
the SM by exchanging FR and FL.
Combining the information from single-top production, top decay, and W boson helicity
fractions, we obtain the following 90% C.L. bounds
|ξtd| < 0.13, |ξts| < 0.22, |ξtb| < 0.16 , (20)
where, as in the previous Sections, we assumed that the SM is modified only by a RHCC.
2.5 Higgs branching ratios
RHCC affect Higgs decays at tree level, by modifying the h → WW ∗ channel, and, more
importantly, contributing at one loop to the Yukawa couplings of the Higgs boson to fermions.
In particular, ξtb induces large corrections to the bottom Yukawa coupling yb. The corrections
are proportional to the top Yukawa coupling yt and alter the h → bb¯ width and thereby the
total Higgs width as well. Defining the quark Yukawa couplings as
L ⊃ −yq q¯LqR h+ h.c. , (21)
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the running of the bottom Yukawa and mass are modified by ξtb as follows [42,43,80],
dmb
d lnµ
= γm
αs
4pi
mb +
g2
(4pi)2
mt(xt − 3)V ∗tbξtb ,
dyb
d lnµ
= γm
αs
4pi
yb +
g2
(4pi)2
mt
v
(xh + 3xt − 9)V ∗tbξtb , (22)
where xi = m
2
i /m
2
W . The anomalous dimension γm = −6CF determines the usual one-loop
evolution from QCD effects, while the ξtb terms alter the evolution between the scale of new
physics, Λ, and µ = MW . We use the boundary condition yb(Λ) = mb(Λ)/v, which follows from
our assumption that the ξ operators are the only dimension-six terms present at µ = Λ. In this
case the SM Yukawa couplings are not modified at this scale.
Apart from these RG effects, the right-handed current operators affect the h → bb¯ process
through finite loop contributions. The effective coupling that is probed in Higgs decays, is then
given by
y
(eff)
b = yb(µ)−
g2
(4pi)2
mt
v
ξtbV
∗
tb
2
[
(xh + 3xt − 9) log µ
2
m2W
− 3xt(xt − 3)
xt − 1 log xt + xtβt log
(
βt − 1
βt + 1
)
+(xh − 2)βw log
(
βW − 1
βW + 1
)
+ (2xh + xt(xt − 7))f1(xh, xt)
−(4 + (2− xh)xt)f2(xh, xt) + (−5 + 2xh + 4xt) ,
]
, (23)
where yb(µ) is given by the solution of Eq. (22), βi =
√
1− 4m2i /m2h, and the two functions f1,2
are given by
f1(xh, xt) =
∫ 1
0
dz
1
1− xt + xhz log
(
xt − xh(1− z)z
1 + (xt − 1)z
)
,
f2(xh, xt) =
∫ 1
0
dz
1
−1 + xt + xhz log
(
1− xh(1− z)z
xt + z(1− xt)
)
. (24)
Setting µ = mH and Λ = 1 TeV, we find numerically y
(eff)
b ' 0.012 − 0.019 ξtbV ∗tb. We then
compute the h → bb¯ decay rate using expressions in Ref. [81]. Using the ATLAS and CMS
combination [41] for the γγ, WW, ZZ, ττ, bb¯, and µµ signal strengths, we obtain,
Re ξtb ∈ [−0.01, 0.13] , Im ξtb ∈ [−0.22, 0.22] , (25)
where we turned on only one parameter, the real or imaginary part, at the time, and the bounds
assume Λ = 1 TeV. The limits are only mildly sensitive to the choice of initial scale Λ. Setting,
for example, Λ = 10 TeV results in Re ξtb ∈ [−0.005, 0.10], and Im ξtb ∈ [−0.15, 0.15]. Notice
that the bounds from h → bb¯ are already competitive with the direct bounds from single-top
production and top decay.
Analogously to ξtb, the ξtd and ξts elements give contributions to the down- and strange-
quark Yukawas that are enhanced by yt, with, in this case, some suppression from the small
CKM elements Vtd and Vts. Since, at the moment, yd and ys are constrained at the same level
as yb [82, 83], the bounds on ξtd and ξts are weaker than Eq. (25) and not competitive with
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single top production and top decay. The contributions of the first two rows of the ξij matrix
to the quark Yukawa couplings are not enhanced by the top Yukawa. In this case, tree level
corrections to h → WW ∗ are more important. Neglecting quark and lepton masses, the decay
rate at LO in QCD is equal to
Γ(h→WW ∗) = 3mHm
4
W
32pi3v4
R(xW ) +∑
i,j
(|Vij |2R(xW ) + |ξij |2Rξ(xW ))
 , (26)
where xW = m
2
W /m
2
H , the sum over i and j extends over all light quarks, and the functions R
and Rξ are [81]
R(x) = −1− x
6x
(2− 13x+ 47x2)− 1
2
(1− 6x+ 4x2) log x+ (1− 8x+ 20x
2)√
4x− 1 arccos
(
3x− 1
2x3/2
)
Rξ(x) = −1− x
36x2
(−3 + 53x− 541x2 + 407x3) + 1
6x
(2 + 3x+ 114x2 − 12x3) log x
+
−2 + 19x− 80x2 + 156x3
3x
√
4x− 1 arccos
(
3x− 1
2x3/2
)
. (27)
For mH = 125 GeV, Rξ(xW )/R(xW ) = 0.03, such that
Γ(h→WW ∗) = ΓSM(h→WW ∗)
1 + 0.01∑
ij
|ξij |2
 , (28)
and very large couplings, ξij > 1, are needed to significantly affect the Higgs branching ratios.
2.6 Summary of collider bounds
To summarize, the 90% C.L. bounds on the ξij matrix are
|ξud| |ξus| |ξub|
|ξcd| |ξcs| |ξcb|
|ξtd| |ξts| |ξtb|
 ≤

0.04 0.05 0.08
0.08 0.19 0.30
0.13 0.22 0.16
 . (29)
The bounds on the first two rows are dominated by WH production, while the bounds on ξtj
are determined by single-top production and top decay. Including the constraint from h → bb¯
changes the bounds on ξtb into Re ξtb ∈ [−0.01, 0.13] and Im ξtb ∈ [−0.15, 0.15]. The above
collider constraints still leave room for BSM physics around, or even slightly below, the TeV
scale.
3 Low-energy effective Lagrangian
The effects of the RHCC operator ξ at low energies are obtained by integrating out the W boson
and the other heavy SM degrees of freedom. We start by analyzing the tree-level contributions
to semileptonic and four-quark operators and then discuss the loop-level operators that are
relevant for EDMs (∆F = 0) and rare flavor-changing neutral-current (FCNC) processes such
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as B → Xqγ and KL → pi0e+e− (∆F = 1). The matching onto ∆F = 1 penguin operators and
∆F = 2 operators relevant for meson-antimeson mixing, which involve two insertions of ξ, are
discussed in Appendix A. A similar analysis for SM-EFT operators involving the Z boson was
recently reported in ref. [84].
3.1 Tree-level effective Lagrangian
The combination of the SM left-handed charged current and the RHCC generates at low-energy
one semileptonic four-fermion and two four-quark operators. Including the four-fermion opera-
tors induced by the SM at tree level, we have
L = −4GF√
2
(
V ∗ij d¯
jγµPLu
i ν¯γµPLl + ξ
∗
ij d¯
jγµPRu
i ν¯γµPLl + h.c.
)
−
2∑
a=1
(
Cij lmaLLOij lmaLL + Cij lmaLROij lmaLR + Cij lm ∗aLR
(Oij lmaLR)†) , (30)
where PL,R = (1∓ γ5)/2, i-m are flavor indices, and the four-quark operators are defined as
Oij lm1LL = d¯mγµPLul u¯iγµPLdj , Oij lm2LL = d¯mα γµPLulβ u¯iβγµPLdjα ,
Oij lm1LR = d¯mγµPLul u¯iγµPRdj , Oij lm2LR = d¯mα γµPLulβ u¯iβγµPRdjα , (31)
where α, β are color indices. The tree-level matching coefficients at the scale mW are given by
Cij lm1LL (mW ) =
4GF√
2
V ∗lmVij , C
ij lm
1LR (mW ) =
4GF√
2
V ∗lmξij , C
ij lm
2AB(mW ) = 0 , (32)
where A,B ∈ {L,R} and hermiticity implies C lm ij ∗1LL = Cij lm1LL . As usual, the SM couplings scale
as two inverse powers of the electroweak scale, Ci LL ∼ 1/v2, while the ‘left-right’ operators
induced by the RHCC scale as two inverse powers of the scale of new physics, Ci LR ∼ ξ/v2 ∼
1/Λ2. We neglect four-quark operators that are quadratic in ξ and are suppressed by v2/Λ2
with respect to the linear terms.
The operators in Eq. (30) need to be evolved to lower energies. While the semileptonic
operators are not affected by QCD RG evolution, the anomalous dimensions of the four-quark
operators are defined by [85,86]
d
d logµ
(C1AB, C2AB)
T =
αs
4pi
∑
n=0
(αs
4pi
)n
γ
(n)
AB (C1AB, C2AB)
T , (33)
and, at lowest order, we have
γ
(0)
LL =
 − 6Nc 6
6 − 6Nc
 , γ(0)LR =
 6Nc 0
−6 −6N2c−1Nc
 . (34)
The solution of the RGE for the operators of interest is given in Tab. 7.
The semileptonic operators in Eq. (30) affect leptonic and semileptonic decays of mesons
and the β decay of baryons. In particular, ξ is the only dimension-six operator in the SMEFT
that induces a tree-level charged-current coupling of right-handed quarks to left-handed leptons,
allowing for clean low-energy tests. The coefficients of the four-quark operators Oi LR have an
imaginary part which leads to CP violation even if all generation indices are the same. They
therefore induce large tree-level contributions to observables such as EDMs and ′/.
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3.2 One-loop contributions to ∆F = 0 and ∆F = 1 operators
Next we consider loop diagrams, which can induce important contributions to processes such
as B → Xqγ, KL → pi0e+e− and to EDMs. At linear order in ξ, the most important operators
that are generated are dipole operators and the Weinberg three-gluon operator, described by
L =
(
− gs
2
∑
ij∈{u,c}
mujC
ij
guu¯
i
Lσ
µν Gaµνt
aujR −
gs
2
∑
ij∈{d,s,b}
mdjC
ij
gdd¯
i
Lσ
µν Gaµνt
adjR
−eQu
2
∑
ij∈{u,c}
mujC
ij
γuu¯
i
Lσ
µν Fµνu
j
R −
eQd
2
∑
ij∈{d,s,b}
mdjC
ij
γdd¯
i
Lσ
µν Fµνd
j
R
−eQe
2
∑
ij∈{e,µ,τ}
mejC
ij
γle¯
i
Lσ
µν Fµνe
j
R + h.c.
)
+
gs
3
fabc
(
CGG
aµν +
CG˜
2
εµναβGaαβ
)
GbµρG
c ρ
ν ,
(35)
where we chose to factor the mass of the right-handed quark or lepton out of the definition of
the dipole operators. The lepton dipoles receive a contribution from ξtb at two loops, which,
neglecting neutrino mass effects, is diagonal in lepton flavor. We discuss this contribution in
Appendix B. The operators in Eq. (35) satisfy the RGEs
d
d logµ
(
Cijγu, C
ij
gu, CG + iCG˜
)T
=
αs
4pi
∑
n
(αs
4pi
)n
γ
(n)
dipole
(
Cijγu, C
ij
gu, CG + iCG˜
)T
+
αs
4pi
mdm
muj
∑
n
(αs
4pi
)n
γ
(n)
dipole, uLR
(
Cjm im ∗1LR , C
jm im ∗
2LR
)T
(36)
d
d logµ
(
Cijγd, C
ij
gd, CG + iCG˜
)T
=
αs
4pi
∑
n
(αs
4pi
)n
γ
(n)
dipole
(
Cijγd, C
ij
gd, CG + iCG˜
)T
+
αs
4pi
mum
mdj
∑
n
(αs
4pi
)n
γ
(n)
dipole, dLR
(
Cmjmi1LR , C
mjmi
2LR
)T
.(37)
At lowest order γdipole is given by [86–89]
γ
(0)
dipole =

8CF −8CF 0
0 (16CF − 4Nc) 2Ncδij
0 0 Nc + 2nf + β0
 . (38)
The mixing between the tree-level operators C1,2LR and the dipole operators was computed in
Ref. [90] for down-type dipoles, and it is given by [90,91] 2
γ
(0)
dipole,dLR =
1
(4pi)2

32QuQd
(
1 + 23
Qd
Qu
)
160QuQd
16
3 −8
0 0
 . (39)
2We thank M. Misiak for providing us the expression of γ
(0)
dipole,dLR for general charges Qd and Qu [91].
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q′ → qγ ξuq′V ∗uq ξcq′V ∗cq ξtq′V ∗tq
mq′
mb
v2Cqq
′
γd (mW ) −3.6 · 10−5 −0.019 −3.2
mq′
mb
v2Cqq
′
gd (mW ) − − −0.48
mq′
mb
v2Cqq
′
γd (µ
+
b ) −4.7 · 10−5 −0.025 −2.0
mq′
mb
v2Cqq
′
gd (µ
+
b ) −8.0 · 10−7 −4.3 · 10−4 −0.30
mq′
mb
v2Cqq
′
γd (µ
−
b ) −4.7 · 10−5 −0.054 −2.0
mq′
mb
v2Cqq
′
gd (µ
−
b ) −8.0 · 10−7 −6.2 · 10−3 −0.30
Table 6: Contributions of the right-handed W -current to the q′ → qγ dipole operators at µ = mW
and µ = µ±b = 2 GeV. Here µ
−
b and µ
+
b differentiate between cases in which the charm quark has been
integrated out at µ = µb, or is still present within the EFT, respectively. A “−” denotes the contribution
is negligible for our purposes.
γ
(0)
dipole, uLR is obtained by replacing Qd with Qu in Eq. (39).
The one-loop matching coefficients at the scale mW are
Cilγu(mW ) =
4GF√
2
2
(4pi)2
∑
j∈{d,s,b}
mdj
mulQu
ξ∗ljVij ,
Cilgu(mW ) = 0 ,
Cilγd(mW ) =
4GF√
2
2
(4pi)2
∑
j∈{u,c}
muj
mdlQd
ξjlV
∗
ji +
4GF√
2
1
(4pi)2
mtQu
mdlQd
ξtlV
∗
ti
[
fW (xt) +
1
Qu
gW (xt)
]
,
Cilgd(mW ) = −
4GF√
2
1
(4pi)2
mt
mdl
ξtlV
∗
tifW (xt) ,
CG˜(mW ) = 0 , (40)
where xt = m
2
t /m
2
W , and we neglected powers of xuj and xdj except for the top quark. The loop
functions are given by
fW (x) =
x3 + 3x− 4− 6x lnx
2(x− 1)3 , gW (x) =
4 + x(x− 11)
2(x− 1)2 + 3
x2 lnx
(x− 1)3 . (41)
Notice that at the scale mW there is no matching contribution to the Weinberg operator. Two-
loop diagrams with internal top and bottom quarks, and a W exchange within the loop, as
the ones computed in Ref. [92], are exactly canceled by a diagram in the EFT below mW ,
with an insertion of a bottom chromo-EDM (CEDM), the Cbbgd operator in Eq. (40), such that
CG˜(mW ) = 0.
The operators Cbqγ(g)d and C
qb
γ(g)d contribute to B → Xqγ, and their value at the scales µ = mW
and µ = µb = 2 GeV are given in Table 6. The contributions from diagrams with internal
top quarks are enhanced by mt/mb with respect to the SM, which, as we will see, leads to
stringent bounds on the ξtq elements of the right-handed matrix. In order to match onto the
relevant operators for EDMs and KL → pi0e+e− one has to consider the contributions arising
at the bottom and charm thresholds. At the scale mb, four-quark operators such as C
ub ub
1LR
generate threshold corrections to the up and charm EDM and CEDMs, while the bottom CEDM
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contributes to the Weinberg operator. Thus, at the b threshold
Cilγu(m
−
b ) = C
il
γu(m
+
b ) +
2
(4pi)2
mbQd
mulQu
(
C lb ib ∗1LR (mb) +NcC
lb ib ∗
2LR (mb)
)
,
Cilgu(m
−
b ) = −
2
(4pi)2
mb
mul
C lb ib ∗1LR (mb) ,
CG˜(m
−
b ) = −
αs
8pi
ImCbbgd(mb) , (42)
where we took into account that, with the initial condition of Eq. (40), the running from mW
to mb does not induce an up-type CEDM, or a Weinberg operator. There is no b-threshold
contribution to Cilgd and C
il
γd.
At a scale µc ∼ mc, one similarly integrates out the charm quark, and obtains additional
threshold corrections to the d and s dipoles, and to the Weinberg operator
Cilγd(µ
−
c ) = C
il
γd(µ
+
c ) +
2
(4pi)2
mcQu
mdlQd
(
Ccl ci1LR(µc) +NcC
cl ci
2LR(µc)
)
,
Cilgd(µ
−
c ) = C
il
gd(µ
+
c )−
2
(4pi)2
mc
mdl
Ccl ci1LR(µc) ,
CG˜(µ
−
c ) = CG˜(µ
+
c )−
αs
8pi
ImCccgu(µc) . (43)
In order to avoid large perturbative corrections, we run to the scale µc = 2 GeV.
The numerical solution of the RGEs is shown in Table 7, where, for convenience, we intro-
duced the short-hand notation c˜i = v
2 ImCi. As the RHCC operator does not undergo QCD
renormalization, the results in Table 7, as those in Table 6, are independent of Λ to good ap-
proximation. Some of these results, especially the contributions of ξub,cb,tb to the light quark
EDMs, are rather sensitive to the choice of renormalization scale. This effect is due to a par-
tial cancellation between matching contributions and contributions from the CEDMs. In these
cases, however, the largest contributions to hadronic EDMs come from other operators (c˜uugu for
ξub and CG˜ for ξcb,tb) that are less sensitive to the details of the running such that the impact
of perturbative uncertainties is still minor. We expect the large hadronic uncertainties related
to these operators, which we discuss in Section 5, to dominate the theoretical uncertainties on
hadronic EDMs.
4 Leptonic and semileptonic charged-current decays
The right-handed current matrix ξij is strongly constrained by leptonic and semileptonic meson
decays, and semileptonic decays of baryons. Leptonic decays of pseudoscalar mesons, such
as pi+ → µ+νµ or D+ → µ+νµ, are sensitive to the axial component of the weak current,
while semileptonic decays of pseudoscalar mesons into pseudoscalar mesons and leptons, such as
K → pilνl, probe the vector component. For theB system, one can in addition study semileptonic
decays of pseudoscalar to vector mesons, such as B → D∗lνl, and further orthogonal information
is provided by inclusive B decays, B → Xu,clνl. β decays of heavy and light baryons, such as
n → pe−ν¯ or Λb → Λcµ−ν¯, give, in principle, a direct handle on the chiral structure of the
interactions, and allow one to construct observables that are sensitive to CP violation in the
matrix ξ. An example is the triple correlation, Dn, measured in neutron β decay.
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V ∗udξud V
∗
usξus V
∗
ubξub V
∗
cdξcd V
∗
csξcs V
∗
cbξcb V
∗
tdξtd V
∗
tsξts V
∗
tbξtb
c˜ eeγl − − − − − − − − 6.8× 10−6
c˜uuγu −0.033 −0.65 7.1 − − −1.7 · 10−8 − − −1.5 · 10−5
c˜uugu 3.6 · 10−3 0.073 47 − − −2.3 · 10−7 − − −2.0 · 10−4
c˜ ddγd −0.047 − − −54 − −1.7 · 10−8 −2029 − −1.5 · 10−5
c˜ ddgd −8.0 · 10−4 − − −6.2 − −2.3 · 10−7 −298 − −2.0 · 10−4
c˜ ssγd − −2.3 · 10−3 − − −2.7 −1.7 · 10−8 − −102 −1.5 · 10−5
c˜ ssgd − −4.0 · 10−5 − − −0.31 −2.3 · 10−7 − −15 −2.0 · 10−4
v2CG˜ − − − − − −1.2 · 10−3 − − 2.2 · 10−3
C˜udud1LR 1.8 − − − − − − − −
C˜udud2LR 0.91 − − − − − − − −
C˜us us1LR − 1.8 − − − − − − −
C˜us us2LR − 0.91 − − − − − − −
Table 7: Contributions of the CP-odd combinations, Im (V ∗ijξij), to the operators at µ = 2 GeV. Here
c˜i ≡ v2 ImCi and a “− ” denotes that the contribution is negligible for our purposes.
From the theoretical point of view, leptonic and semileptonic decays are very clean observ-
ables. Leptonic decays are characterized by a single nonperturbative parameter, the meson
decay constant, whose values are nowadays precisely computed with lattice QCD (LQCD) [93].
Semileptonic transitions have also been the subject of intense lattice study, and the required
form factors are known to high accuracy. In Table 8 we list the values of the pseudoscalar meson
decay constants and form factors that we use in our analysis. The LQCD input has been taken
from the FLAG review [93].
We now list the experimental information we use to constrain the elements of the matrix ξ.
u → d and u → s transitions Vud is extracted from superallowed nuclear β decay, which is
only sensitive to the vector component of the weak current, and from leptonic decays of the pion,
which probe the axial component of the current. We use the following experimental input [71,94]
|Vud(0+ → 0+)|exp = 0.97425± 0.00022 ,
|Vud(pi → µν)fpi|exp = (127.13± 0.02± 0.13) MeV , (44)
where fpi ∼ 130 MeV is the pion decay constant. The first uncertainty in the second line of Eq.
(44) is experimental, while the second is due to radiative corrections.
For the determination of Vus, we use two quantities that are experimentally very well deter-
mined [95,96]. From semileptonic kaon decays, one can extract
(|Vus|fKpi+ (0))exp = 0.2163± 0.0005 , (45)
where fKpi+ (0) is the form factor entering the K
0 → pi−lνl decay at zero momentum transfer.
The ratio of the pion and kaon leptonic decays gives(∣∣∣∣VusVud
∣∣∣∣ fKfpi
)
exp
= 0.2758± 0.0005 . (46)
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Decay constant Form Factor
fpi 130.2± 1.4 MeV fKpi+ (0) 0.9677± 0.0027
fK/fpi 1.192± 0.005
fD 209.2± 3.3 MeV fDpi+ (0) 0.666± 0.029
fDs 249.8± 2.3 MeV fDK+ (0) 0.747± 0.019
fB 192.0± 4.3 MeV FD(1) 1.035± 0.040
fBs 228.4± 3.7 MeV FD∗(1) 0.906± 0.004± 0.012
Table 8: Lattice input on pseudoscalar meson decay constants and form factors. We use the
FLAG lattice averages with nf = 2 + 1. [93]
Because leptonic and semileptonic decays are sensitive to either the axial or the vector com-
ponents of the current, we can easily modify the relevant expressions in the presence of a RHCC
to obtain
|Vud + ξud| = 0.97425± 0.00022 , |Vud − ξud|fpi = (127.13± 0.02± 0.13) MeV ,
|Vus + ξus|fKpi+ (0) = 0.2163± 0.0005 ,
|Vus − ξus|fK
|Vud − ξud|fpi = 0.2758± 0.0005 . (47)
Using the LQCD input in Tab. (8), Eq. (47) provides four constraints on Vud, Vus, ξud, and
ξus. Two additional constraints on the imaginary part of ξud and ξus can be obtained from
neutron and hyperon β decays. Time-reversal violation can be measured in neutron β decay
by reconstructing the triple correlation 〈 ~J 〉 · (~pe × ~pν), where ~J is the neutron polarization.
Current measurements give Dn = (−1±2.1) ·10−4 [97]. This observable is contaminated by fake
T -odd signals from final-state interactions, which, with current experimental accuracy, can still
be neglected (see Ref. [98] for a more detailed discussion). The same correlation was measured
in the decay of the Σ baryon, Σ− → ne−ν¯, with a much weaker bound, DΣ = 0.11 ± 0.10.
Following Ref. [99], the Dn and DΣ coefficients can be calculated as
Dn =
4gA
1 + 3g2A
Im
ξud
Vud
' 0.87 Im ξud
Vud
, DΣ =
4gAΣn
1 + 3g2AΣn
Im
ξus
Vus
' 1.01 Im ξus
Vus
, (48)
where gA is the nucleon axial coupling, gA = 1.27, and gAΣn is the axial coupling of a Σ to
a neutron, measured to be 0.340 ± 0.017 [71]. Dn gives a strong bound on Im ξud/Vud, at the
10−4 level. The constraint on Im ξus is at the few-percent level. As we will see, both bounds are
significantly weaker than bounds from EDMs and direct CPV in kaon decays.
c → d and c → s transitions Analogously to the ud and us case, we can use the leptonic
and semileptonic decays of the D and Ds mesons, D
+ → µ+νµ, D+s → µ+νµ, D → pilνl, and
D → Klνl, to constrain the vector and axial couplings of a charm quark to s and d quarks.
The leptonic decays of the pseudoscalar D and Ds mesons probe the axial current, while the
semileptonic decays probe the vector current. The experimental input is [71]
fD|Vcd − ξcd| = 45.91± 1.05 MeV , fDs |Vcs − ξcs| = 250.9± 4.0 MeV , (49)
fDpi+ (0)|Vcd + ξcd| = 0.1425± 0.0019 , fDK+ (0)|Vcs + ξcs| = 0.728± 0.005 , (50)
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and the LQCD input for the D and Ds decay constants and form factors is given in Table 8.
b → u and b → c transitions In the case of b → c transitions, the vector component of the
charged current is constrained by the semileptonic decay B → Dlνl. For the axial component,
the purely leptonic decay of the Bc meson has not yet been observed. The decay B → D∗lνl
depends on both the vector and axial current. In the zero-recoil limit, when w = v · v′ = 1,
where v and v′ are the B and D mesons four-velocities, only the axial contribution survives [100].
Using the HFAG averages [101], we can write
ηEWFD(1)|Vcb + ξcb| = (42.65± 0.72± 1.35) · 10−3 ,
η′EWFD∗(1)|Vcb − ξcb| = (35.81± 0.11± 0.44) · 10−3 , (51)
where ηEW = 1.012 ± 0.005 and η′EW = 1.015 ± 0.005 [71] are electroweak corrections. FD(1)
and FD∗(1) denote the form factors, evaluated at w = 1, for which we used the FLAG averages
in Table 8. Angular distributions in B → D∗lνl could provide additional information on the
Lorentz structure of the Wbc vertex [102].
The inclusive decays B¯ → Xclν¯l also constrain ξcb. Neglecting power corrections of order
O(ΛQCD/mb), the inclusive semileptonic width into charmed final states is given by
Γ(B → Xclν) = G
2
Fm
5
b |Vcb|2
192pi3
[(
1 +
∣∣∣∣ ξcbVcb
∣∣∣∣2
)(
1− 8ρ+ 8ρ3 − ρ4 − 12ρ2 log ρ)
−4mc
mb
Re
(
ξcb
Vcb
) (
1 + 9ρ− 9ρ2 − ρ3 + 6ρ(1 + ρ) log ρ)] , (52)
where ρ = m2c/m
2
b . We then set constraints by using the PDG average [71],
|V effcb | = (42.2± 0.8) · 10−3 (B → Xclν) , (53)
where |V effcb |2 = |Vcb|2 Γ(B → Xclν)/ΓSM(B → Xclν).
The constraints from the inclusive decays we obtain in this way should only be viewed as
order-of-magnitude constraints for a number of reasons. First of all, we should take into account
power corrections, which are not included in Eq. (52), in order to obtain Vcb from inclusive
decays [103–106]. Furthermore, Eq. (53) relies on fits to the leptonic and hadronic moments
of the decay distribution. As the dependence on the lepton-energy is not the same for ξcb and
Vcb after applying cuts, the SM fit will be altered in the presence of right-handed currents. We
should therefore refit the leptonic moments, while taking into account contributions from right-
handed currents. Such an analysis is beyond the scope of the current work. We will use Eq.
(53) to estimate the limits from the inclusive measurements, and refer to Refs. [107–109] for a
more detailed discussion.
In the case of b → u transitions, the leptonic channel B+ → τ+ντ allows us to determine
the axial current |Vub − ξub|, while the vector current is probed by B → pilνl. Additional
exclusive decays, such as B → ρlνl, can be used to further improve the sensitivity to RHCC
[109, 110]. For the leptonic decays, we use the HFAG average of the BaBar and Belle results,
Br(B+ → τν) = (1.06± 0.19) · 10−4, and we employ the FLAG extraction for the semileptonic
case,
|Vub − ξub|fB = 0.77± 0.07 ,
|Vub + ξub| = (3.62± 0.14) · 10−3 , (54)
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de dn dHg dXe dRa dp,D
current limit 8.7 · 10−16 3.0 · 10−13 6.2 · 10−17 5.5 · 10−14 1.2 · 10−10 x
expected limit 5.0 · 10−17 1.0 · 10−15 6.2 · 10−17 5.0 · 10−16 1.0 · 10−14 1.0 · 10−16
Table 9: Current limits on the electron [116], neutron [117, 118], mercury [119, 120], xenon [121] and
radium [122,123] EDMs in units of e fm (90% confidence level). We also show future sensitivities [124,125].
where the decay constant, fB, is given in Table 8.
The inclusive determination from B → Xulνl decays suffers from the same problems as the
charm-bottom transition. In principle, power corrections should be included [111, 112] and the
leptonic spectrum should be refitted taking into account a right-handed current. Since such an
analysis is beyond the scope of our work, we take a similar approach as in the case of Vcb. We
thus estimate constraints from inclusive decays by [71],√
|Vub|2 + |ξub|2 = (4.49± 0.18+0.16−0.18) · 10−3 (B → Xulν) . (55)
Another exclusive determination of Vcb and Vub is provided by measurements of Br(Λ
0
b →
pµ−ν¯)q2>15 GeV/Br(Λ0b → Λ+c µ−ν¯)q2>7 GeV. This ratio of branching fractions can be calculated
using lattice determinations of the relevant form factors [113]. Following the procedure outlined
in Ref. [113] we obtain for the partially integrated decay widths,
Γ(Λ0b → pµ−ν¯)q2>15 GeV = 4.17 ps−1 |Vub + ξub|2 + 8.17 ps−1 |Vub − ξub|2 ± σ(p)stat ± σ(p)syst ,
Γ(Λ0b → Λ+c µ−ν¯)q2>7 GeV = 1.41 ps−1 |Vcb + ξcb|2 + 6.99 ps−1 |Vcb − ξcb|2 ± σ(Λ
+
c )
stat ± σ(Λ
+
c )
syst ,
(56)
where the lattice uncertainties are given by
(σ
(p)
stat)
2 =
(
0.10 |Vub + ξub|4 + 0.33 |Vub − ξub|4 + 0.16 |V 2ub − ξ2ub|2
)
ps−2 ,
(σ
(p)
syst)
2 =
(
0.10 |Vub + ξub|4 + 0.44 |Vub − ξub|4 + 0.050 |V 2ub − ξ2ub|2
)
ps−2 ,
(σ
(Λ+c )
stat )
2 =
(
0.0023 |Vcb + ξcb|4 + 0.017 |Vcb − ξcb|4 + 0.0052 |V 2cb − ξ2cb|2
)
ps−2 ,
(σ
(Λ+c )
syst )
2 =
(
0.0053 |Vcb + ξcb|4 + 0.11 |Vcb − ξcb|4 + 0.0027 |V 2cb − ξ2cb|2
)
ps−2 . (57)
The ratio of these decay widths is experimentally determined to be [114]
Br(Λ0b → pµ−ν¯)q2>15 GeV
Br(Λ0b → Λ+c µ−ν¯)q2>7 GeV
= (1.00± 0.04± 0.08) · 10−2 . (58)
In principle, measurements of angular distributions and correlations in semileptonic Λb decays
could provide more detailed probes of the Lorentz structure of the Wbc vertex [115].
5 ∆F = 0 processes: Electric Dipole Moments
Permanent EDMs of leptons, nucleons, nuclei, atoms, and molecules provide stringent bounds
on flavor-diagonal CPV interactions. The right-handed charged-current couplings ξij contribute
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mostly to hadronic and nuclear EDMs. Right-handed couplings of the light quarks, such as ξud
and ξus, induce EDMs through the tree-level operators C
udud
1,2LR and C
us us
1,2LR, while the couplings
to heavier quarks, such as ξub or ξtb, induce loop corrections to the light quark EDMs, CEDMs,
and the Weinberg operator.
In Tab. 9 we summarize the current limits on the EDMs of the electron, nucleons, 199Hg,
225Ra, and 129Xe that we used in our analysis, as well as projected sensitivities for these systems,
and for the EDMs of the proton and deuteron that are targets for storage-ring experiments.
The calculation of nucleon and nuclear EDMs in terms of the operators in Eqs. (30) and (35)
involves two steps. The operators are first matched to an extension of chiral perturbation theory
(ChPT) that contains CPV hadronic interactions [126, 127]. The most important interactions
are short-range contributions to the nucleon EDM and CPV pion-nucleon couplings. The latter
give rise to long-range contributions to the nucleon EDM (from pion loops) and, for chiral-
symmetry-breaking operators like the quark CEDMs and four-quark operators, dominate the
CPV nucleon-nucleon potential. This CPV potential provides the dominant contribution to the
EDMs of nuclei and diamagnetic atoms.
The chiral power counting predicts that the four-quark operators Cudud1,2LR and C
us us
1,2LR con-
tribute mainly to the isospin-breaking pion-nucleon coupling g¯1 [11,126]. C
udud
1,2LR do not induce
the isoscalar coupling g¯0, while C
us us
1,2LR give corrections that, while formally LO, are small with
respect to g¯1. As discussed in Ref. [11], it is possible to calculate the sizes of g¯0,1 by noticing that
these couplings receive large contributions from tadpole diagrams, which involve the coupling of
the neutral pion to the vacuum. The tadpole coupling can be related, at leading order in ChPT,
to the K → pipi matrix element of the SM electroweak penguin operators Q7,8. Using recent
LQCD of these matrix elements [128, 129], it then becomes possible to give a solid estimate of
the sizes of g¯0,1 [11]. The error on g¯0,1 is at the moment dominated by ChPT uncertainties,
which we conservatively estimate at the 50% level.
g¯0,1 also receive contributions from the dipole operators C
uu
gu , C
dd
gd and C
ss
gd . These contribu-
tions can be in principle computed in LQCD [130], but, at the moment, the best estimate comes
from QCD sum rules. The sum rules estimates have roughly (50-100)% uncertainties [131–134].
We thus find that the pion-nucleon couplings induced by the operators in Eqs. (30) and (35) are
g¯1
2Fpi
= −
(
(4.5± 2.2)
(
C˜us us1LR + 2C˜
udud
1LR
)
+ (22.0± 11.0)
(
C˜us us2LR + 2C˜
udud
2LR
)
+(0.2+0.4−0.1)(0.7 c˜
uu
gu − 1.5 c˜ ddgd )
)
× 10−6 , (59)
g¯0
2Fpi
= −
(
(0.3± 0.1) C˜us us1LR + (1.3± 0.6) C˜us us2LR + (0.05± 0.10)(0.7 c˜uugu + 1.5 c˜ ddgd )
)
× 10−6 ,
(60)
where Fpi = fpi/
√
2, all the couplings are evaluated at µ = 2 GeV, and their values in terms of
ξij can be read off from Table 7. As in Table 7, we have defined c˜i = v
2 ImCi. Eqs. (59) and
(60) assume that the strong CP problem is solved by the Peccei-Quinn mechanism [135] which
somewhat affects the values of the matrix elements.
A variety of techniques are available for the calculation of the nucleon EDM induced by four-
quark and dipole operators in Eqs. (30) and (35). In Refs. [11, 136], we estimated the nucleon
EDM induced by the four-quark operators in Eq. (30) by considering long-range contributions
induced by the pion-nucleon couplings g¯0,1 (see also Ref. [137]). This estimate has intrinsically
large uncertainties mainly due to uncertainties on g¯0,1 and our ignorance of the size of short-
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range contributions that appear at the same chiral order. Here we use the uncertainty estimate
of Ref. [11].
The contributions of c˜uuγu and c˜
dd
γd , the up- and down-quark EDMs, are known with O(15%) un-
certainties [138–140], while the strange contribution is still highly uncertain. While considerable
effort is underway for the calculation of the qCEDM contribution to the nucleon EDM [141–143],
the best estimate at the moment comes from QCD sum rules, and has an estimated 50% uncer-
tainty [131–134]. Finally, the Weinberg operator appears with the largest uncertainty, O(100%),
based on a combination of QCD sum-rules [144] and naive dimensional analysis estimates [87].
Combining these results, we find
dn =
(
(43± 27)C˜us us1LR + (210± 130) C˜us us2LR + (22± 14) C˜udud1LR + (110± 70) C˜udud2LR
−(0.93± 0.05) c˜uuγu − (4.0± 0.2) c˜ ddγd − (0.8± 0.9) c˜ ssγd
−(3.9± 2.0) c˜uugu − (16.8± 8.4) c˜ ddgd ± (320± 260)v2CG˜
)
× 10−9 e fm ,
dp =
(
− (56± 30) C˜us us1LR − (280± 150) C˜us us2LR − (42± 26) C˜udud1LR − (210± 130) C˜udud2LR
+(3.8± 0.2) c˜uuγu + (1.0± 0.1) c˜ ddγd − (0.8± 0.9) c˜ ss)γd
+(9.3± 4.6) c˜uugu + (9.2± 4.2) c˜ ddgd ∓ (320± 260)v2CG˜
)
× 10−9 e fm. (61)
Finally, using the nuclear calculations of Refs. [127, 145–155] we can predict nuclear EDMs
in terms of g¯0,1 and dn,p
dD = (0.94± 0.01)(dn + dp)− (0.18± 0.02) g¯1
2Fpi
e fm ,
dHg = −(2.8± 0.6) · 10−4 ·
[
(1.9± 0.1)dn + (0.20± 0.06)dp
−
(
0.13+0.5−0.07
g¯0
2Fpi
+ 0.25+0.89−0.63
g¯1
2Fpi
)
e fm
]
,
dXe = (0.33± 0.05) · 10−4 ·
[
(−0.32± 0.02)dn + (0.0061± 0.001)dp
+
(
0.10+0.53−0.037
g¯0
2Fpi
+ 0.076+0.55−0.038
g¯1
2Fpi
)]
e fm ,
dRa = (7.7± 0.8) · 10−4 ·
(
−19+6.4−57
g¯0
2Fpi
+ 76+227−25
g¯1
2Fpi
)
e fm . (62)
The nucleon EDM contributions to dRa have, as far as we know, not been calculated but are
expected to be small compared to the large pion-exchange contributions.
The estimates of the nucleon and nuclear EDMs in Eqs. (61) and (62) are affected by large
hadronic and nuclear uncertainties. Several matrix elements are consistent with zero and the
large uncertainties allow for cancellations between different contributions, which can significantly
affect the constraints on the ξij couplings. Therefore, when setting constraints, we vary the
hadronic and nuclear matrix elements within their allowed ranges in order to minimize the total
χ2. This corresponds to the Rfit approach for treating theoretical errors as defined in Ref. [156].
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Re A0 33.201 · 10−8 GeV ReA2 1.479 · 10−8 GeV
|| (2.228± 0.011) · 10−3 Arg  0.75957 rad
Re (′/) (16.6± 2.3) · 10−4 Br(K+ → pi0e+ν) (5.07± 0.04) · 10−2
τ(KL) (5.116± 0.021) · 10−8 s τ(K+) (1.2380± 0.0020) · 10−8 s
Table 10: Experimental input for the ∆S = 1 processes ′/ and KL → pi0e+e− [71].
6 ∆S = 1 processes
In this section we discuss the contribution of RHCC to direct CP violation in kaon decays
and to the FCNC decay KL → pi0e+e−. While the real parts of the ξij elements are well
constrained by the leptonic and semileptonic charged-current decays discussed in Section 4, ′/
and KL → pi0e+e− provide additional information on the imaginary parts of the ξis and ξid
elements. ′/ is dominated by tree-level contributions from the four-quark operators Cudus1,2LR
and Cus ud1,2LR, while KL → pi0e+e− receives correction at one loop. The latter arise from matching
the RHCC to the flavor-changing dipole operators Cdsγd and C
sd
γd, which are particularly important
for internal charm and top quarks. Other ∆S = 1 FCNC decays, such as KL → pi0νν¯, receive
contributions from RHCC that are only quadratic in ξ and therefore play a less important role.
We discuss them briefly in Appendix A.2. In Table 10 we list the experimental input needed in
Sections 6.1 and 6.2.
6.1 ′/
ξud and ξus give large contributions to direct CP violation in KL → pipi decays, while indirect
CP violation in kaon mixing is not significantly affected [11]. Direct CP violation is quantified
by ′, which can be expressed as
Re
(
′

)
= Re
(
iωei(δ2−δ0)√
2
)[
ImA2
ReA2
− ImA0
ReA0
]
. (63)
Here A0,2e
iδ0,2 = 1√
2
〈(pipi)I=0,2|H|K〉 are the amplitudes for final-state pions with total isospin
I = 0, 2, the corresponding strong phases are denoted by δ0,2, H is the weak Hamiltonian, and
ω ≡ ReA2/ReA0 = 0.04454.
In the SM, A0 and A2 are sensitive to contributions from charged-current operators, Q1−2,
strong penguin operators, Q3−6, and electroweak penguin operators, Q7−10. The values of their
NLO Wilson coefficients have been calculated in Refs. [85,157–159], while lattice determinations
of the necessary matrix elements are given in Refs. [128, 129, 160]. Combining these results
with the experimental values in Table 10 and lattice determinations of the strong phases, δ0 =
(23.8± 4.9± 1.2)◦, δ2 = −(11.6± 2.5± 1.2)◦, leads to the SM prediction [160]
Re
(
′

)
SM
= (1.38± 5.15± 4.59) · 10−4 ' (1.4± 6.9) · 10−4 , (64)
where we combined the statistical and systematical errors in quadrature.
As noticed in Ref. [11], chiral symmetry relates the contributions to ′/ of the four-quark
tree-level operators induced by ξud and ξus, given in Eq. (30), to those of the electroweak
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penguin operators Q7 and Q8. Such a determination in principle still suffers from higher-order,
O(m2K), corrections. Fortunately, the I = 3/2 parts of the LR operators, Oudus1LR and Oudus2LR ,
coincide after an isospin decomposition with those of Q7 and Q8, respectively. Isospin symmetry
therefore implies a stronger relation between the contributions of the left-right operators to the
I = 2 amplitude and the matrix elements of Q7,8 [161,162]. As this relation depends on isospin
arguments, it is only subject to O((md − mu)/Λχ) and O(α/pi) corrections, expected at the
few-percent level. The resulting expression for the I = 2 amplitude is [11]
ImA2(ξ) =
1
6
√
2
Im
[(
Cudus1LR − Cus ud
∗
1LR
) 〈(pipi)I=2|Q7|K0〉
+
(
Cudus2LR − Cus ud
∗
2LR
) 〈(pipi)I=2|Q8|K0〉] , (65)
where [128,129]
〈(pipi)I=2|Q7|K0〉 = (0.36± 0.02) GeV2 , 〈(pipi)I=2|Q8|K0〉 = (1.6± 0.094) GeV2 . (66)
Such a relation does not exist for the I = 0 amplitude, however, at leading order in ChPT we
obtain A0(ξ) = −2
√
2A2(ξ). We thus find
Re
(
′

)
= Re
(
′

)
SM
+ Re
(
iωei(δ2−δ0)√
2
)[
ImA2(ξ)
ReA2
− ImA0(ξ)
ReA0
]
, (67)
where we use the experimental values for ReA0,2. The expression for A0(ξ) might suffer from
relatively large SU(3) corrections. However, it is the A2(ξ) term that constitutes the dominant
ξ contribution to ′, while the A0(ξ) term is suppressed by 2
√
2ω ' 0.1. We therefore expect
Eq. (67) to be accurate up to the lattice uncertainties in Eq. (66).
6.2 KL → pi0e+e−
In the SM, the decayKL → pi0e+e− has a large direct CPV component dominated by the penguin
operators C7V s¯γ
µd e¯γµe and C7As¯γ
µd e¯γµγ5e [85]. In addition, there is a CP-even long-distance
component dominated by two-photon exchange and an indirect CPV contribution proportional
to the mixing parameter K . Finally, in the presence of right-handed currents, this decay gets
contributions from the dipole operators Cdsγd and C
sd
γd. Due to the large factors of mt/ms,d and
mc/ms,d that appear in the matching coefficients (40), this KL decay is particularly sensitive to
the imaginary part of the couplings ξtd, ξts and, to a lesser extent, ξcd and ξcs.
The decay rate can be expressed in terms of the vector and tensor form factors
〈pi0|s¯γµd|KL〉 = 1√
2
fK
0pi+
+ (q
2)(pµK + p
µ
pi) ,
〈pi0|s¯σµνd|KL〉 = ifKpiT (q2)
√
2
mK +mpi
(pµpip
ν
K − pµKpνpi) , (68)
where fKpi+ (see Table 8) is related to the vector form factor in K
+ → pi0e+ν, while fKpiT has
been computed on the lattice. We will use the evaluation of Ref. [163], fKpiT = 0.417± 0.015, at
a renormalization scale µ = 2 GeV.
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BR (B → Xdγ) (14.1± 5.7) · 10−6 BR (B → Xsγ) (3.32± 0.15)× 10−4
ACP (B → Xd+sγ) 0.032± 0.034 ACP (B → sγ) 0.015± 0.02
SK∗γ −0.16± 0.22
∆md (0.5064± 0.0019) ps−1 ∆ms (17.757± 0.021) ps−1
∆Γ(d) (−1.3± 6.7) · 10−3 ps−1 ∆Γ(s) (0.086± 0.006) ps−1
adfs −0.0020± 0.0016 asfs −0.0006± 0.0028
Table 11: Experimental input for the processes discussed in Section 7 [71, 101]. The branching
ratios BR (B → Xd,sγ) have a cut on the photon energy, Eγ > 1.6 GeV.
The RHCC contribution to the branching ratio is determined by the coupling CT
CT (µ) = −Qd
4
(
msC
ds∗
γd (µ) +mdC
sd
γd(µ)
)
, (69)
where the values of the coefficients at µ = 2 GeV are given in Table 6. The SM contribution
is expressed by the functions y˜7V and y˜7A [85] given in Appendix A.2. The ξ operators also
contribute to the penguin operators C7V and C7A, as discussed in Appendix A.2, but these
contributions are quadratic in ξ and not enhanced by mt,c/ms. We therefore do not include
them in our analysis.
In terms of y˜7V , y˜7A, and CT , the branching ratio becomes
Br(KL → pi0e+e−) = κe
[(
Imλt y˜7V +
2
mK +mpi
fKpiT (0)
fKpi+ (0)
16pi2Im(v2CT )
)2
+ Imλ2t y˜
2
7A
]
, (70)
where λt = V
∗
tsVtd. The factor κe is introduced to cancel the SM dependence on the vector form
factor fKpi+ by normalizing to the K
+ → pi0e+ν decay rate. κe is defined as
κe =
1
|Vus + ξus|2
τ(KL)
τ(K+)
(αem
2pi
)2
Br(K+ → pi0e+ν) ∼
(
0.225
|Vus + ξus|
)2
6 · 10−6 , (71)
where we used the experimental values in Table 10. The expression in Eq. (70) involves only
the direct CPV contributions from the SM. However, since the experimental limit is currently
only sensitive to branching ratios that are roughly two orders of magnitude larger than the SM
prediction [71],
BR(KL → pi0e+e−) < 2.8 · 10−10 (90% C.L.) , (72)
we simply use Eq. (70) to estimate the branching ratio.
7 ∆B = 1 and ∆B = 2 processes
∆B = 1 FCNC processes such as B → Xs,d γ lead to very strong constraints on RHCC in the
top sector. These processes are described by the effective Hamiltonian
Heff = −4GF√
2
VtbV
∗
tq
[
C7O7 + C ′7O′7 + C8O8 + C ′8O′8
]
, (73)
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with
O7 = e
(4pi)2
mbq¯Lσ
µνbR Fµν , O8 = − gs
(4pi)2
mbq¯Lσ
µνGaµνt
abR . (74)
O′7,8 have analogous definitions with L↔ R. Relations between the coefficients in Eq. (73) and
the coefficients of the dipole operators in Eq. (35) are given by
C7(mW ) = −4pi
2Qd
VtbV
∗
tq
v2Cqbγd C
′
7(mW ) = −
4pi2Qd
VtbV
∗
tq
mq
mb
(
v2Cbqγd
)∗
,
C8(mW ) =
4pi2
VtbV
∗
tq
v2Cqbgd C
′
8(mW ) =
4pi2
VtbV
∗
tq
mq
mb
(
v2Cbqgd
)∗
. (75)
The coefficients at the scales µ = µb = 2 GeV are given in Table 6. From Eq. (40) we see that
the contribution of ξtb to C7,8 and of ξts and ξtd to C
′
7,8 are enhanced by mt/mb with respect to
the SM, and therefore give rise to large effects in the B → Xs,dγ branching ratios. Information
on the phases of the ξtb and ξts elements can be gained by studying the CP asymmetries in
inclusive B → Xd,sγ decays, and in the exclusive channel B → K∗0γ. We discuss the B → Xd,sγ
branching ratios in Section 7.1, and the inclusive and exclusive CP asymmetries in Sections 7.2
and 7.3, respectively.
B → Xd,sγ is not very sensitive to RHCC in the Wbc vertex. In Section 7.4, we therefore
study the corrections from RHCC to Bq − B¯q mixing with q = d, s. While the contributions
to the mass differences ∆md and ∆ms are either quadratic in ξ, or suppressed by mb/mt with
respect to the SM, corrections to the real and imaginary part of the width are more important
and lead to constraints on Im ξcb that are comparable to those obtained from the tree-level
processes discussed in Section 4.
The experimental input used in this Section is taken from Refs. [71, 101] and is summarized
in Table 11.
7.1 The B → Xd,sγ branching ratio
For the B → Xd,sγ branching ratios, we employ the expressions derived in Ref. [164] rescaled
by the SM predictions of Ref. [165–167],
BR (B → Xqγ) = rq N
100
∣∣V ∗tqVtb∣∣2
|Vcb|2 + |ξcb|2
[
a+ a77(|R7|2 + |R′7|2) + ar7 ReR7 + ai7 ImR7
+a88(|R8|2 + |R′8|2) + ar8 ReR8 + ai8 ImR8 + a|q|2 + ar Re q
+ai Im q + a
r
87 Re (R8R
∗
7 +R
′
8R
′ ∗
7 ) + a
i
87 Im (R8R
∗
7 +R
′
8R
′ ∗
7 )
+ar7 Re (R7
∗
q) + a
i
7 Im (R7
∗
q) + a
r
8 Re (R8
∗
q) + a
i
8 Im (R8
∗
q)
]
, (76)
where R7,8 =
C7,8(mt)
CSM7,8 (mt)
, R′7,8 =
C′7,8(mt)
CSM7,8 (mt)
, CSM7 (mt) = −0.189, and CSM8 (mt) = −0.095. Further-
more, N = 2.567(1 ± 0.064) · 10−3. rq is a factor that rescales the above expression to the SM
predictions of Refs. [165–167]. It is given by rs =
3.36
3.61 and rd =
1.73
1.38 . Finally, q =
V ∗uqVub
V ∗tqVtb
and the
numerical values of aij can be found in Ref. [164]. In our analysis, we applied the expressions
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relevant for the following cut on the photon energy Eγ > 1.6 GeV. For B → Xd γ this requires
extrapolating the branching ratio quoted in Ref. [101], as discussed in Ref. [166],
The branching ratios in Eq. (76) should be compared with the current experimental world
averages [71,101], which we give in Table 11. To derive constraints we follow Refs. [168,169] and
apply the relative uncertainties on the SM predictions σd =
0.22
1.73BR(B → Xdγ) σs = 0.233.36BR(B →
Xsγ). These theoretical uncertainties are then added in quadrature to the experimental ones.
7.2 The B → Xd,sγ CP asymmetry
The phase of ξtb can be probed by the B → Xsγ CP asymmetry. We employ the expression
derived in Ref. [170],
ACP (B → sγ)
pi
≡ 1
pi
Γ(B¯ → Xsγ)− Γ(B → Xs¯γ)
Γ(B¯ → Xsγ) + Γ(B → Xs¯γ)
≈
[(
40
81
− 40
9
Λc
mb
)
αs
pi
+
Λc17
mb
]
Im
C2
C7
−
(
4αs
9pi
+ 4piαs
Λ78
3mb
)
Im
C8
C7
−
(
Λu17 − Λc17
mb
+
40
9
Λc
mb
αs
pi
)
Im
(
s
C2
C7
)
, (77)
where C2 is the coefficient of the charged-current operator Ocb cs1LL, C2 = Ccb cs1LL/(VcbV ∗cs), which,
along with C7,8, should be evaluated at the factorization scale µb ' 2 GeV. We employ the
following SM values for these coefficients [170],
CSM2 (2 GeV) = 1.204 , C
SM
7 (2 GeV) = −0.381 , CSM8 (2 GeV) = −0.175 . (78)
In addition, the CP asymmetry depends on the scale, Λc ' 0.38 GeV, and on three hadronic
parameters that are estimated to lie in the following ranges [170],
Λu17 ∈ [−0.33, 0.525] GeV, Λc17 ∈ [−0.009, 0.011] GeV, Λ78 ∈ [−0.017, 0.19] GeV. (79)
We use the Rfit procedure to deal with these uncertainties [156].
In the case of B → Xdγ decays, instead of the CP asymmetry ACP (B → Xdγ), the combined
asymmetry ACP (B → Xd+sγ) is measured. This combination can be expressed as [164],
ACP (B → Xd+sγ) = ACP (B → Xsγ) +RdsACP (B → Xdγ)
1 +Rds
, (80)
with Rds = (Γ(B → Xdγ) + Γ(B¯ → Xdγ))/(Γ(B → Xsγ) + Γ(B¯ → Xsγ)). Since the branching
ratio of B → Xsγ is significantly larger than that of B → Xdγ, Rds is expected to be at the
percent level and ACP (B → Xd+sγ) is therefore mainly sensitive to ACP (B → sγ). In addition,
the experimental precision on the determination of ACP (B → Xd+sγ) is of the same order as
ACP (B → Xsγ), such that the latter does not provide any additional constraints.
7.3 The B → K∗0γ CP asymmetry
The time-dependent CP asymmetry in the exclusive decay B → K∗0γ can be described by
Γ(B¯ → K¯∗0γ)− Γ(B → K∗0γ)
Γ(B¯ → K¯∗0γ) + Γ(B → K∗0γ) = SK∗γ cos(∆mdt) + CK∗γ sin(∆mdt) . (81)
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Here we are interested in the parameter SK∗γ , which is given by
SK∗γ = 2
ImλK∗γ
1 + |λK∗γ |2 , λK
∗γ =
q
p
A(B¯ → K¯∗0γ)
A(B → K∗0γ) , (82)
where the ratio qp =
VtbV
∗
td
V ∗tbVtd
arises from Bd − B¯d mixing. At leading order the coefficient SK∗γ
is generated by the electromagnetic dipole operators, C7 and C
′
7. The dependence on C
′
7 is
particularly interesting as this Wilson coefficient is induced by right-handed currents, while
being suppressed by ms/mb in the SM. In fact, the leading-order expression is [169,171],
SK∗γ =
2 Im
(
VtbV
∗
td
V ∗tbVtd
VtbV
∗
ts
V ∗tbVts
C7C
′
7
)
|C7|2 + |C ′7|2
, (83)
such that SK∗γ vanishes unless C
′
7 is nonzero. As mentioned above, the SM prediction is rather
small [172,173]
SSMK∗γ = (−2.3± 1.6) · 10−2 . (84)
The experimental value for SK∗γ is given in Table 11.
7.4 Bq − B¯q mixing
Right-handed currents can affect Bq − B¯q oscillations through insertions of ξ in ∆B = 2 box
diagrams that govern this mixing. The contributions to the dispersive part of these amplitudes,
M12, are either quadratic in ξij or suppressed with respect to the SM by a factor of the external
quark mass, which is at most m2b/m
2
t . We will therefore neglect the contributions to M12 which
are linear in ξ, as well as the dimension-eight effects discussed in Appendix A.3. In contrast, the
ξij contributions to the absorptive part of the mixing amplitude are not suppressed with respect
to the SM, as both are proportional to m2b . The largest contributions come from ξcb and ξcq, for
which we find
Γ
(q)
12 (ξ) = −
G2Fm
2
bmBqf
2
Bq
pi
√
z
(
λ(q) 2c
(√
1− 4z − (1− z)2)− λ(q)c λ(q)t (1− z)2)×[([
2
3
B1 − 5
6
B2R
]
ξcb
Vcb
+
1
3
B5R
ξ∗cq
V ∗cq
)
η11LLη11LR
+
([
2
3
B1 +
1
6
B3R
]
ξcb
Vcb
+B4R
ξ∗cq
V ∗cq
)(
η11LLη21LR + η21LLη11LR + 3 η21LLη21LR
)]
,
(85)
where z ≡ m2c/m2b , λ(q)i = VibV ∗iq, and R = m2Bq/(mb + mq)2. The Bi are given in Appendix
A.3 and represent the bag factors of the ∆B = 2 operators in Eq. (122). Finally, the η factors
originate from the RG evolution, between mW and mb, of the four-fermion operators in Eq.
(30). These factors relate the four-fermion operators at different scales through Ci LL(LR)(mb) =
ηijLL(LR)Cj LL(LR)(mW ), and are determined by Eq. (33). Explicitly we have
η11LL =
1
2
(
η6/23 + η−12/23
)
, η11LR = η
3/23,
η21LL =
1
2
(
η6/23 − η−12/23), η21LR = 1
3
(
η−24/23 − η3/23), (86)
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where η = αs(mW )/αs(mb).
The real part of the right-handed contribution to Γ12 can be constrained by the width differ-
ence between the mass eigenstates, whereas the imaginary parts are probed by the measure of
CP violation, aqfs [174],
∆Γ(q) = 4
Re
(
Γ
(q)∗
12 M
(q)
12
)
∆mBq
, aqfs = 1−
∣∣∣∣qp
∣∣∣∣2 = Im( Γ(q)12
M
(q)
12
)
. (87)
As mentioned above, the right-handed corrections to M12 are small and we neglect them here,
while the SM expression for M12 can be found in Appendix A.3. The SM values for these
quantities are given by [175],
∆Γ
(d)
SM = (2.61± 0.59) · 10−3 ps−1 , ∆Γ(d)SM = (0.085± 0.015) ps−1 ,
adfs
∣∣
SM
= (−4.7± 0.6) · 10−4 , asfs
∣∣
SM
= (2.22± 0.27) · 10−5 , (88)
while the current experimental determinations are given in Table 11.
8 Single-coupling constraints
In this section we discuss the constraints on the various right-handed couplings in the case that
a single ξij element dominates at the scale of new physics. To obtain bounds we construct a χ
2
involving the observables described in Sections 4 - 7. Furthermore, we assume that the CKM
matrix is SM-like and apply the Wolfenstein parametrization to write the CKM matrix in terms
of A, λ, ρ¯, and η¯, up to O(λ6) corrections [176] 3. Since the standard extraction of the CKM
elements can be modified by the inclusion of right-handed currents, we determine the SM CKM
parameters along with the ξij from the χ
2. Thus, for each ξij we simultaneously fit for A, λ, ρ¯,
and η¯ as well as the real and imaginary parts of ξij .
Apart from the observables discussed in the sections above, we include B → J/ψK, B0q →
µ+µ− and the ∆F = 2 processes K , ∆md, and ∆ms. As discussed in Appendix A.1, A.2 and
A.3, these processes do not get large corrections from the RHCC operators. However, we include
these observables in our analysis as they provide an important role in determining the SM CKM
parameters.
We do not include other non-leptonic B decays, such as B → pipi. These processes are
affected by right-handed currents at tree level, and a reliable estimate of the corrections requires
non-perturbative information on the matrix elements of the four-quark operators C1LR and
C2LR, which, at the moment, is not available. As a result, even without taking into account
ξ contributions, we find wider ranges for ρ¯ and η¯ compared to Ref. [71], but we expect these
differences to have small impact on the bounds on ξ.
Finally, most of the observables in Sections 4 - 7 involve theory uncertainties, which we treat
by adding them in quadrature to the experimental errors. However, there are several cases in
which these uncertainties are large and allow for cancellations, notably in ′/, K , dn, dHg,
and ACP (b → sγ). In these specific cases, where cancellations between different contributions
can significantly affect the constraints, we treat the theoretical errors using the Rfit approach as
3The higher-order terms are mainly important for K , which we employ to constrain the CKM parameters.
The imaginary part of the V ∗csVcd term only appears after expanding V to O(λ5).
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defined in [156]. We vary the matrix elements within their allowed ranges and apply those values
of the matrix elements that minimize the χ2. This procedure leads to conservative constraints
as it allows for cancellations between different contributions.
Using the approach described above, we find the following 90% C.L. constraints on the real
and imaginary part of ξij
Re ξij ∈

[−7.0, 1.6] · 10−4 [−2.1, 0.05] · 10−3 [−1.4, 1.3] · 10−3
[−1.0, 0.8] · 10−2 [−4.2, 0.55] · 10−2 [0.1, 3.5] · 10−3
[−1.0, 1.0] · 10−4 [−2.1, 2.5] · 10−4 [−1.4, 1.2] · 10−3
 , (89)
Im ξij ∈

[0.15, 3.4] · 10−6 [0.5, 7.9] · 10−7 [−0.4, 0.7] · 10−3
[−8.5, 7.2] · 10−6 [−5.7, 7.0] · 10−3 [−1.5, 0.6] · 10−2
[−4.2, 4.2] · 10−5 [−2.5, 1.9] · 10−4 [−2.4, 2.3] · 10−3
 , (90)
where we stress that the bounds are obtained turning on one complex ξij element at a time.
For the CKM parameters we obtain the 90% C.L. allowed ranges in case of the ξud fit
λ ∈ [0.2232, 0.2255], A ∈ [0.787, 0.827], ρ¯ ∈ [0.060, 0.20], η¯ ∈ [0.33, 0.40]. (91)
These values are in agreement with those found in Ref. [71], although the constraints found
here are generally weaker. As mentioned above, this is to be expected as the fit of Ref. [71]
includes several more observables than we take into account here. This affects ρ¯ the most, which
is reflected by the observation that our allowed ranges are roughly twice as wide. In addition,
at 68% C.L. our upper limit for η¯ extends roughly one standard deviation upwards compared
to Ref. [71], while our lower limit for λ extends one standard deviation downwards. For most of
the ξij couplings, the ranges in Eq. (91) are rather stable and do not vary significantly between
the different ξij . The upper and lower ranges of both λ and A vary by less than 1% between the
different fits, while ρ¯ and η¯ exhibit variations of up to a few percent. The exception occurs in
the case of ξcb, where the upper ranges of A and ρ¯ widen by about 5%, while the allowed lower
range for η¯ is widened by roughly 5%.
While the χ2 function used to obtain Eqs. (89) and (90) includes all the observables described
in Sections 4 - 7, the bounds on most entries of the ξij elements are dominated by a smaller
set of processes. Below we briefly describe which observables drive the constraints for each ξ
element.
ξud and ξus
An overview of the constraints on Re ξud is shown in blue in the left panel of Fig. 6. These
constraints are obtained by setting the CKM parameters to the values of Ref. [71] and assum-
ing that only Re ξud is turned on. As these limits indicate, in the single coupling analysis, the
best constraints on Re ξud come from semileptonic decays, in particular, superallowed β decay.
Indeed, the unitarity of the CKM matrix V and the absence of modifications of the us element
allow one to use leptonic and semileptonic kaon decays to accurately determine λ, and then
extract ξud from superallowed β decays without relying on leptonic pion decays, which suffer
∼ 1% percent theoretical uncertainty from the LQCD determination of the pion decay constant.
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As is shown in red in the left panel of Fig. 6, Im ξud is constrained by the D coefficient, 
′/
and EDMs. The stronger constraint comes from ′/, followed closely by the neutron EDM.
The limit from the D coefficient is two orders of magnitude weaker, Im ξud ∈ [−2.9, 5.1] · 10−4.
This translates into a difference of one order of magnitude between the semileptonic and EDM
constraints on Λ in Fig. 6.
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Figure 6: The figure shows naive constraints on the real (in blue) and imaginary (in red) parts of ξud
and ξus converted to an effective scale Λ by using ξij ≡ v2/Λ2. These limits are obtained by setting the
CKM parameters to the values of Ref. [71], and turning on only one real or imaginary part of ξij at a
time. In the cases where the bounds are asymmetrical, we show the limit that results in the lowest value
of Λ. The different bars represent the limits from the collider, semileptonic, EDM (∆F = 0), ∆S = 1,
and ∆B = 1 observables, discussed in Sections 2, 4, 5, 6, and 7, respectively.
The situation is very similar for ξus as shown the right panel of Fig. 6. Here the real part is
constrained by leptonic and semileptonic kaon decays, while the imaginary part is constrained by
EDMs and ′/, with the latter giving again the stronger bound. In this case, the semileptonic
constraint on the imaginary part is weaker due to the fact that the experimental limit on DΣ is
significantly less stringent than that on Dn. As noticed in Ref. [11], an imaginary part of ξud
or ξus can solve the 2σ discrepancy between the measured value of 
′/ and the SM predictions
of Ref. [160, 177–180], without conflict with EDM and other low- and high-energy constraints.
This manifests in the non-zero values for Im ξud and Im ξus in Eq. (90).
ξcd and ξcs
As shown in the left (right) panel of Fig. 7, the real part of ξcd (ξcs) is mainly constrained by
leptonic and semileptonic D (Ds) decays, while the collider limits are weaker by a factor of a
few. The larger theoretical and experimental errors cause the bounds from semileptonic decays
to be less stringent than for ξud and ξus. The bound on Im ξcd is dominated by the neutron
EDM, while the small imaginary part of Vcd gives rise to a (much weaker) EDM bound on Re ξcd
as well. Im ξcd also contributes to KL → pi0e+e−, but the bound is three orders of magnitude
weaker, |Im ξcd| < 2 · 10−3. Im ξcs mainly contributes to the nucleon EDM by generating a
strange quark EDM. As shown in Eq. (61), the matrix element linking the neutron EDM to
the strange EDM is consistent with zero [138, 139], which, in the Rfit approach, leads to no
constraint on Im ξcs. The bound in Eq. (90) therefore comes from KL → pi0e+e−.
ξcb and ξub
As can be seen in Fig. 8, ξcb and ξub are both constrained by the inclusive and exclusive
semileptonic B decays. Furthermore, the Bq− B¯q oscillation observables, ∆Γq and aqfs, constrain
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Figure 7: The figure shows naive constraints on ξcd and ξcs. Notation is the same as in Fig. 6.
the real and imaginary parts of ξcb, while EDMs only constrain the imaginary part. Instead, for
ξub both the real part and imaginary parts are constrained by dn (due to the sizable imaginary
part of the relevant CKM element, Vub), while the contributions to Bq−B¯q mixing are negligible.
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Figure 8: The figure shows naive constraints on ξcb and ξub. Notation is the same as in Fig. 6.
For both ub and cb elements there is some tension between the determination via inclusive
and exclusive decays. We find that adding a right-handed current improves the χ2. As shown
in Eq. (89), in the case of cb, our fit prefers a non-zero value of Re ξcb, while for the ub element,
both real and imaginary part are compatible with zero. The reason being that the nonzero
values of ξub that are preferred by the semileptonic decays are disfavored by the neutron EDM.
We caution though that our analysis of the inclusive decays is incomplete, and, in particular, we
did not repeat the fits to the lepton spectrum, which receive different contributions from left-
and right-handed currents. We notice that the bounds on ξub and Im ξcb are rather weak when
compared to the magnitudes of Vub and Vcb, and sizable right-handed corrections (up to 50% for
Vub and 30% for Vcb) are still allowed.
ξtd, ξts, and ξtb
We collect the naive constraints on ξtd, ξts, and ξtb in, respectively, the top-left, top-right, and
bottom panels of Fig. 9. The figure shows that all the top-row elements are strongly constrained
by ∆B = 1 observables. In particular, ξtd is constrained by B → Xdγ, while for ξts,tb stringent
limits arise from B → Xsγ. 4 A comparable limit on Im ξtb comes from EDMs, while for ξtd
the EDM limits are stronger than the ∆B = 1 constraints by an order of magnitude. Due to
the imaginary part of Vtd, EDMs constrain the real part of ξtd as well. In contrast, due to the
poorly known matrix element related to c˜
(ss)
γd , there are no EDM constraints on ξts. Finally, ξtd
4It should be noted that, apart from the allowed range given in Eq. (89), the flavor and low-energy observables
allow for larger negative values of Re ξtb namely, Re ξtb ∈ [−0.034, −0.031]. However, this possibility is excluded
by LHC constraints on h→ bb¯.
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(ξts) also contributes to KL → pi0e+e−, but the bounds are weaker by roughly a factor 10 (100).
For all ξtj elements the indirect bounds are stronger than the direct collider bounds, by at least
an order of magnitude.
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Figure 9: The figure shows naive constraints on ξtd, ξts and ξtb. Notation is the same as in Fig. 6.
8.1 Summary
We summarize the strongest constraints on the real and imaginary parts in the left and right
panels of Fig. 10, respectively. The solid bars depict the constraints derived using the Rfit
approach for the EDM uncertainties as outlined at the end of Section 5. Instead, the dashed
bars indicate the ‘central’ case, in which we set the theory errors in dn and dHg to zero. The
difference in the strengths of the constraints illustrates the impact of the hadronic and nuclear
uncertainties.
The real parts of ξtd and ξts are the most stringently constrained elements (by b→ qγ), while
the weakest constraints are obtained in the case of ξcd,cs. In the latter case, the precision of the
semileptonic decays and the corresponding lattice input is at the percent level, thus allowing for
couplings of order O(10−2). The remaining real parts are constrained at the sub-percent level.
Furthermore, as can be seen from the dashed bars, most of the real parts are unaffected by the
theory uncertainties related to EDMs. The exceptions are ξub, ξcd, and ξtd, which contribute to
EDMs as their corresponding CKM elements have sizable imaginary parts. The main effect of
neglecting the theoretical errors is that cancellations in the neutron and mercury EDMs are no
longer possible. As a result, the mercury EDM provides the most stringent limit on the real
parts of ξub,cd,td in the ‘central’ case. Although the mercury EDM also constrains ξts in the
‘central’ scenario it does not overtake the b→ sγ limits.
Moving on to the imaginary parts, one can compare the left and right panels of Fig. 10 to
see that, even when using the Rfit approach, the limits on the imaginary parts are generally
better than those on the real parts. All constraints are well below the percent level, apart
from those on ξcb and ξcs. The weak bounds on the cb and cs elements result partially due to
suppressed contributions to dn: the ξcs contribution depends on the poorly known strange-EDM
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Figure 10: The figure summarizes the most stringent naive constraints on ξij . The dashed bars show
the naive constraints in the case that we do not take into account the theory errors that appear in the
EDM expressions Eqs. (61) and (62). Notation is the same as in Fig. 6.
matrix element, while the ξcb contributions only arise at the two-loop level. Among the stronger
constraints are those on ξtd,ts (from b→ qγ and EDMs), however the most impressive limits are
set on ξud and ξus and arise from the neutron EDM and 
′/ which probe effective scales around
O(100 TeV).
As seen from the dashed bars, most constraints on the imaginary parts are at least somewhat
affected when moving from the Rfit approach to the ‘central’ case. For most couplings this
results in an improvement of the EDM limit by a factor of a few to O(10). More drastic changes
occur for ξcs,ts, ξud, and ξus. In case of ξcs this is due to the poorly known strange-EDM matrix
element resulting in a vanishing EDM constraint in the Rfit approach, whereas the neutron
EDM strongly constraints Im ξcs in the central case. The situation is similar for ξts, although
less clear from Fig. 10 as the improved EDM limits do not overtake the b → sγ constraints.
For ξud and ξus the EDM limits improve by factors of O(300) and O(100), respectively. These
large factors arise due to the fact that the four-quark operators OududiLR and O
usus
i LR induce a large
pion-nucleon coupling g¯1, to which the mercury EDM has an increased sensitivity compared
to dn. The resulting limits then overtake the 
′/ constraints and naively reach scales up to
O(103) TeV.
As the above discussion shows, in some cases the uncertainties related to the matrix elements
can mean the difference between a stringent limit or no bound at all. For example, although the
neutron and mercury EDMs are in principle sensitive to the right-handed couplings to strange
quarks, the poor knowledge of the strange matrix elements does not allow us to set EDM bounds
on ξcs and ξts. This also holds true for the nuclear matrix elements related to the pion-nucleon
couplings g¯0,1. These matrix elements allow the mercury EDM to vanish for all ξij elements,
even though the ‘central’ limits on ξud and ξus show that dHg could potentially probe scales up
to 103 TeV. These observations are similar to those discussed in Ref. [181] in the context of CPV
Higgs-quark interactions, and further motivate studies of hadronic and nuclear matrix elements
with lattice QCD and modern nuclear many-body methods.
Finally, it is interesting to see whether the limits given in Eq. (89) and (90) are stable against
turning on several ξij couplings at the same time. Here we do not commit to a global analysis
involving all the ξij couplings. Instead, as an example, we briefly discuss the resulting limits
when turning on one row of the ξij matrix at a time. In this scenario the real parts of the first
two rows remain largely unaffected 5.
5The only exception is ξub for which nonzero values, |Re ξub| ≈ 2 · 10−3, are preferred due to the discrepancy
between inclusive and exclusive semileptonic decays. Given that our determination of the inclusive decay is not
entirely consistent, see Section 4, these nonzero values should not be taken too seriously. The reason that ξub is
consistent with zero in the single-coupling analysis, Eq. (89), is that nonzero values are disfavored by the neutron
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Figure 11: The left (right) panel shows the constraints on the real (imaginary) parts of ξtb and ξts.
These limits assume that only the real or imaginary parts of ξtb and ξts are generated at the scale Λ.
The imaginary parts are more sensitive to the effect of turning on additional couplings, as
this allows for cancellations in dn and 
′/. As a result, the limit on the imaginary part of ξud
is now determined by the Dn coefficient, giving constraints at the O(10−4) level. In turn, this
leaves room for an imaginary part of ξus up to O(10−3). The limit on Im ξcd is weakened by
roughly two orders of magnitude due to similar cancellations in dn. Instead, the constraints on
the imaginary parts of ξub,cb and ξcs do not change much since they are mainly determined by
the semileptonic decays and KL → pi0e+e−, respectively.
For the third row, the limits on both the real and imaginary parts are weakened by factors of
a few for ξtd,ts, while those on ξtb deteriorate by an order of magnitude. As an example of the
interplay between the different ξtq elements, we show the ξtb− ξts plane for the real (imaginary)
parts in the left (right) panel of Fig. 11. The constraints shown in the left (right) panel assume
that only the real (imaginary) parts ξtb and ξts are present at the scale Λ.
9 Identifying right-handed currents at low and high energy
In Section 8 we showed that, under the assumption that the SM is modified dominantly by
a RHCC at high energy, low-energy bounds from leptonic and semileptonic charged-current
decays, B → Xs,dγ, ′/, and EDMs are significantly stronger than collider bounds. On the
other hand, in explicit models of new physics the low-energy observables unavoidably involve
some degeneracy [182]. In this section we therefore study more general scenarios in which other
operators apart from a RHCC are induced at high energy and how to unambiguously identify
RHCCs both at high and low energy. In Sections 9.1 and 9.2 we focus on the couplings of the
W to ud and us quarks, while in Section 9.3 we examine the Wtb coupling.
9.1 Low-energy probes
In Section 8 we used superallowed β decays, and leptonic and semileptonic pion and kaon decays
to put stringent bounds on RHCC involving the u and d, and the u and s quarks. The processes
EDM. When several couplings can be nonzero at once, however, the neutron EDM limit can be canceled by Im ξud
and Im ξus contributions.
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we used to constrain Re ξud and Re ξus are, however, sensitive not only to RHCC, but can be
affected by additional contributions. These can be studied by considering the most general
semileptonic dimension-six Lagrangian at low energy [183–185]
L = −4GF√
2
Vud
[
(1 + δVud + (εL)ud) u¯γ
µPLd l¯γµPLν +
ξud
Vud
u¯γµPRd l¯γµPLν
+
1
2
(εS)ud u¯d l¯PLν − 1
2
(εP )ud u¯γ5d l¯PLν + (εT )ud u¯σ
µνPLd l¯σµνPLν + h.c.
]
, (92)
and analogous contributions for the us couplings. In Eq. (92), we separated the contribution to
left-handed currents coming from corrections to the W couplings to left-handed quark or leptons,
δVud, from a semileptonic four-fermion operator, εL. While these operators are degenerate at low
energy, they have different manifestations at collider experiments [183–185]. The operators in Eq.
(92) are in direct correspondence with gauge-invariant operators in the basis of Ref. [6], and the
mapping is discussed in Refs. [183,184]. Semileptonic operators arising from vertex corrections,
δVud and ξud, are automatically lepton-flavor universal. For the four-fermion operators, εL,P,S,T ,
we assumed the couplings to be diagonal in lepton flavor.
The operators in Eq. (92) affect all the observables introduced in Section 4, which we used
to bound ξud and ξus (see Ref. [186] for a comprehensive analysis). For example, superallowed
β decays receive corrections from the scalar coupling εS , which shifts Vud into [184,185,187]
|Vud(0+ → 0+)|exp = |Vud|
∣∣∣∣1 + δVud + (εL)ud + ξudVud + gS2 cS0+(Z)(εS)ud
∣∣∣∣ , (93)
where gS is the nucleon matrix element of the scalar current, and c
S
0+(Z) is a function which
depends on the individual nuclear transition. The expression for pi± → µ±νµ is modified into
|Vud(pi → µν)fpi|exp = |Vud|
∣∣∣∣1 + δVud + (εL)ud − ξudVud − (εP )ud m
2
pi
mµ(md +mu)
∣∣∣∣ fpi , (94)
and, similarly, the ratio of pion and kaon decays
(∣∣∣∣VusVud
∣∣∣∣ fKfpi
)
exp
=
∣∣∣1 + δVus + (εL)us − ξusVus − (εP )us m2Kmµ(ms+mu) ∣∣∣ |Vus| fK∣∣∣1 + δVud + (εL)ud − ξudVud − (εP )ud m2pimµ(md+mu) ∣∣∣ |Vud| fpi . (95)
Analogously, the semileptonic decay K0 → pi+lνl receives contributions from δVus, (εS)us, and
(εT )us.
The difficulty in identifying a right-handed current at low energies can be illustrated by
looking at the degeneracy with anomalous left-handed currents. By setting the four-fermion
couplings to zero but allowing for nonzero values of δVud and δVus, we obtain significantly
weaker constraints on, for example, ξud
Re ξud ∈ [−1.0, 0.7] · 10−2 , (96)
which is in reach of future collider searches. The bound is determined by the theoretical un-
certainty of fpi, which is at the percent level [93]. If we only allow BSM effects in the left- and
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Figure 12: The figure shows the constraints in the ξud − δVud plane, after marginalizing over ξus
and δVus. The blue line depicts the constraint from WH production, while the red line indicates the
limits from superallowed β decay and leptonic pion decay. The vertical orange band results from the
experimental determination of λ, from neutron decay correlations, in combination with an assumed
lattice determination of gA = 1.27± 0.05.
right-handed currents, ξud and δVud are completely anticorrelated, since the vector combination
|Vud + ξud| has to satisfy the stringent constraints from superallowed β decays. Introducing ad-
ditional operators further weakens the bounds on ξud and ξus [186]. Still, in order to not disrupt
the agreement between the SM and the data for leptonic and semileptonic decays, strong corre-
lations between the operators in Eq. (92) must exist, posing non-trivial constraints on models
of new physics.
In light of the intrinsic degeneracy of the observables used in Section 4, one might ask if there
is a more direct way to access RHCCs at low energy. Decay correlations in the neutron and
hyperon β decays are particularly sensitive to the Lorentz structure of the quark and lepton
coupling [184–188]. For example, the β and neutrino asymmetry in neutron β decay can be
expressed as [184,185]
A(Ee) =
2λ(1− λ)
1 + 3λ2
, B(Ee) =
2λ(1 + λ)
1 + 3λ2
. (97)
In the presence of the most general modification of the semi-leptonic dimension-six Lagrangian [187,
189], we have
λ =
gA
gV
∣∣∣∣∣1 + δVud + (εL)ud −
ξud
Vud
1 + δVud + (εL)ud +
ξud
Vud
∣∣∣∣∣ = gAgV
(
1− 2Re
(
ξud
Vud
))
+O
(
v4
Λ4
)
, (98)
where gV and gA are the nucleon matrix elements of the vector and axial-vector currents. Ex-
perimentally, the ratio gA/gV is determined with per mil uncertainties, λ = 1.2723± 0.0023. In
order to constrain ξud one needs precise information on gA. While this is the subject of intense
research in LQCD, current determinations of gA have about a 4-5% uncertainty [140,190], which
allows for percent-level right-handed contributions, as first discussed in Ref. [186] . Setting the
central value of gA to 1.27, and assigning a 4% theoretical error, gA = 1.27± 0.05, would result
in Re ξud ∈ [−2.1, 2.0] · 10−2, in the same range as the values probed by WH production. To
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Figure 13: W+H cross section for pWT > p
W
T cut, at
√
S = 14 TeV. The blue line denotes the SM
cross section, the remaining lines include the contributions of the operators in Eq. (101).
illustrate the interplay between the different low-energy and collider constraints, we show in Fig.
12 the limits in the ξud− δVud plane, after marginalizing over ξus and δVus. As can be seen from
the figure, superallowed β decay and pi → µν currently provide the strongest limits. However,
as mentioned, these observables get additional contributions from scalar and pseudo-scalar in-
teractions (εS and εP ), and do not uniquely probe RHCCs. The experimental determination
of λ combined with lattice calculation of gA provides a direct low-energy probe of right-handed
currents in the ud sector. Currently this leads to a constraint that is comparable to future
collider limits.
9.2 Collider probes
In similar fashion we can ask whether a discrepancy in a collider setting could be unambiguously
attributed to a RHCC. In this section we focus on observables related to WH productions as
this process, as discussed in Sect. 2.2, is particular sensitive to right-handed interactions. To
address the issue of identifying the ξ operator, we explore observables that could disentangle
RHCCs from other BSM contributions. We consider the full set of dimension-six operators that
modifies WH production using the basis of Ref. [6]
L6 = CϕWϕ†ϕWµνWµν + CϕW˜ϕ†ϕW˜µνWµν + ϕ†τ Ii
←→
D µϕ q¯Lτ
Iγµc
(3)
QϕqL + ϕ
†i
←→
D µϕ q¯Lγ
µc
(1)
QϕqL
− g√
2
q¯Lσ
µνΓuW τ
IW Iµνϕ˜ uR −
g√
2
q¯Lσ
µνΓdW τ
IW IµνϕdR +
2
v2
iϕ˜†Dµϕ u¯Rγµ ξdR + h.c. , (99)
where ϕ is the Higgs doublet, τ I are Pauli matrices, ϕ˜ = iτ2ϕ
∗, W Iµν denotes the SU(2) field
strengths, and W˜µν = εµναβWαβ/2. The Higgs covariant derivatives are given by
ϕ†i
←→
D µϕ = iϕ
†(Dµ −←−Dµ)ϕ , ϕ†τ Ii←→D µϕ = iϕ†(τ IDµ −←−Dµτ I)ϕ . (100)
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Figure 14: Longitudinal polarization of the W+ boson in W+H production as a function of
pWT cut, at
√
S = 14 TeV.
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Figure 15: Difference of left and right-handed polarizations of the W+ boson in W+H production
as a function of pWT cut, at
√
S = 14 TeV.
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For fermionic operators we consider couplings to the u and d quarks (the us couplings can
be studied in analogous fashion), which, in the mass basis, can be written as
L = h
v
(
cWWW
µνWµν + c˜WW W˜
µνWµν
)
+
g√
2
Vud
(
1 + δVud
(
1 +
h
v
)2)
u¯Lγ
µdLW
+
µ
+
g√
2
ξud
(
1 +
h
v
)2
u¯Rγ
µdRW
+
µ −
gVud√
2v
(
1 +
h
v
)
(cWdu¯Lσ
µνdR + cWuu¯Rσ
µνdL)W
+
µν + h.c.
(101)
The CKM factors in the previous expressions arise from rotating to the mass basis. In order
to avoid flavor-changing neutral currents at tree level, we impose that the matrices ΓuW , Γ
d
W ,
c
(1)
Qϕ, and c
(3)
Qϕ are diagonal in the mass basis. In addition to ξud we then need to consider the
dimensionless couplings
cWW = v
2CϕW , c˜WW = v
2CϕW˜ ,
δVud =
(
v2c
(3)
Qϕ
)
11
, c˜Wd =
(
v2ΓdW
)
11
, c˜Wu =
(
v2ΓuW
)
11
. (102)
These couplings scale as v2/Λ2. Hermiticity implies that cWW , c˜WW , and δVud are real, whereas
ξud, c˜Wu, and c˜Wd in general have real and imaginary parts. Since we are neglecting interference
terms proportional to the light quark masses, the cross section only depends on the absolute
values of these couplings.
To illustrate the diagnostic power of collider measurements, we set ξud = 0.022. This value is
still allowed by the 8 and 13 TeV data and produces a 40% modification of the signal strength
at 14 TeV. We then proceed by turning on one of the couplings in Eq. (101) at a time, and tune
them such that they give the same signal-strength modification as ξud. In Fig. 13 we show the
effect of the different couplings on the cumulative W+H cross section for pWT > p
W
T cut, where
pWT is the transverse momentum of the W boson. In general this observable receives different
corrections from different operators. However, as can be seen from the figure, this observable is
not sufficient to lift the degeneracy. In particular, ξud and the dipole operators, c˜Wu and c˜Wd,
induce very similar corrections.
A more suitable observable to disentangle the effects of the various BSM contributions is the
angular distributions of the charged lepton coming from the decay of the W boson. We work in
the W -boson rest frame, with the direction of the z-axis along the momentum of the W boson
in the lab frame. θ∗ is the polar angle of the charged lepton in this frame. The x-axis is in the
direction orthogonal to the Higgs and W momenta xˆ ∼ (~pW × ~pH). In this frame, we define the
azimuthal angle φ∗ as the angle between the plane containing the W and the Higgs bosons, and
the plane containing the W and its charged decay product. That is
cosφ∗ =
(~pW × ~pH) · (~pW × ~pe)
|~pW × ~pH | |~pW × ~pe| , (103)
and we note that φ∗ is invariant under boosts along the W momentum ~pW .
The angular distribution of the W boson in this frame is parameterized by 8 coefficients,
which completely characterize the W -boson spin-density matrix
1
σ
dσ
d cos θ∗ dφ∗
=
3
16pi
[
1 + cos2 θ∗ +
A0
2
(1− 3 cos2 θ∗) +A1 sin 2θ∗ cosφ∗ + A2
2
sin2 θ∗ cos 2φ∗
+A3 sin θ
∗ cosφ∗ +A4 cos θ∗ +A5 sin θ∗ sinφ∗ +A6 sin 2θ∗ sinφ∗ +A7 sin2 θ∗ sin 2φ∗
]
. (104)
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Figure 16: W+H differential cross section with respect to φ∗ at
√
S = 14 TeV, in the SM (blue
line), and in the presence of dimension-six operators.
The differential distributions with respect to θ∗ and φ∗ are obtained by integrating Eq. (104),
and are given by
1
σ
dσ
d cos θ∗
=
3
8
[
1 + cos2 θ∗ +
A0
2
(1− 3 cos2 θ∗) +A4 cos θ∗
]
, (105)
1
σ
dσ
dφ∗
=
1
2pi
[
1 +
3pi
16
(A3 cosφ
∗ +A5 sinφ∗) +
1
4
(A2 cos 2φ
∗ +A7 sin 2φ∗)
]
. (106)
The coefficients A0 and A4 are related to the W -boson helicity fractions [35],
F0 =
A0
2
, FL =
1
4
(2−A0 ∓A4) , FR = 1
4
(2−A0 ±A4) , (107)
for W±, respectively.
In Figs. 14 and 15 we plot the longitudinal, and the difference of the left- and right-handed
polarization fractions of the W+ boson, for pWT > p
W
T cut. We show these quantities for the pure
SM and for the SM modified by one of the dimension-six operators in Eq. (101). For the Wilson
coefficients we use the same values as used in Fig. 13 such that the signal strength at 14 TeV
is modified by 40%. As can be glimpsed from the figures, within the SM the W-boson becomes
increasingly polarized in the longitudinal direction as the cut on the W transverse momentum
increases [191]. This behavior is not significantly affected by a right-handed current, ξud, or
a gauge-invariant correction to the left-handed current, δVud. The operator cWW would also
preferentially induce a longitudinally polarized W at large pWT cut, but with a smaller fraction.
On the other hand, dipole couplings of the W boson to the up and down quarks would greatly
reduce the longitudinal fraction at large pT . In Fig. 15 we show that c˜Wu and c˜Wd induce,
respectively, a left- and right-handed polarized W . Finally, a nonzero value of c˜WW would
also reduce the longitudinal fraction and produce equal amount of left- and right-polarized W
bosons at large pT . The W -boson helicity fractions would therefore make it possible to identify
the effects of the dipole interactions, or perhaps of c˜WW , but they would not clearly identify a
right-handed current.
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Figure 17: A3 and A5 coefficients in W
+H production as a function of pWT cut, at
√
S = 14 TeV.
We now turn to the azimuthal-angle distribution which does turn out to be sensitive to RHCC.
In Fig. 16 we show the normalized differential cross section with respect to φ∗, with no cut on
pWT , for the SM, and for the operators ξud, δVud, cWW , and c˜WW . In the SM, the cross section is
well described by the cosφ∗ term, with a smaller component proportional to cos 2φ∗. We observe
that the left-handed current, δVud, does not significantly affect the shape of the φ
∗ distribution.
cWW induces a slightly larger cos 2φ
∗ component which only mildly modifies the distribution.
ξud does not modify the functional form of the distribution, which is proportional to cosφ
∗, but
significantly affects the amplitude. This is captured by the coefficient A3, which we show in the
left-panel of Fig. 17 as a function of pWT cut. A3 vanishes if parity is conserved in the production
of the W boson, and, for the chosen value of ξud, this effectively occurs at p
W
T cut = 120 GeV.
For larger cuts, ξud overtakes the SM contribution and the sign of A3 flips.
Fig. 16 shows another interesting feature, namely that c˜WW induces a sinφ
∗ dependence of
the cross section. Differently from all other operators in Eq. (101), for c˜WW a CPV interference
term with the SM survives. This term does not induce any corrections to the total cross section,
but it does induce a large A5 coefficient as shown in the right-panel of Fig. 17. Such a signature
is a distinctive feature of a ϕ†ϕW˜W operator at the LHC.
This discussion shows that, in the presence of a deviation of the total WH cross section from
the SM prediction, a study of the pWT spectrum and of angular distributions of the charged
lepton produced by W decay, would provide important information in identifying the origin
of the discrepancy. We should point out that our preliminary study did not include detector
effects, background estimates, nor reconstruction efficiencies and a more careful investigation
is warranted. Such an investigation would be better performed within the framework of an
experimental collaboration.
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Real Individual Marginalized Imaginary Individual Marginalized
ξtb [−1.4, 1.5] · 10−3 [−0.01, 0.12] ξtb [−2.4, 2.4] · 10−3 [−0.16, 0.13]
δLL [−0.03, 0.04] [−0.03, 0.04] −
v2CWt [−0.09, 0.05] [−0.10, 0.04] v2CWt [−6.0, 6.0] · 10−4 [−1.0, 0.9] · 10−3
v2CWb [−0.04, 0.05] [−3.5, 0.4] v2CWb [−3.5, 3.5] · 10−2 [−1.9, 2.2]
Table 12: Allowed regions (90% C.L.) for the Wtb couplings at the scale Λ = 1 TeV. The second and
fifth columns show the constraints under the assumption that only a single coupling is generated at the
high scale. In the third and sixth columns we assume that all Wtb couplings in Eq. (108) are present at
the scale of new physics and we marginalize over all couplings.
9.3 Anomalous Wtb couplings
Analogously to the ud-us sector it is interesting to see to what extent the constraints in the tb
sector are affected by turning on additional operators. To explore this, we extend our Lagrangian,
involving right-handed (tb) currents, with the following set of operators,
OLL =
gv2
2
[
1√
2
t¯Lγ
µb′LW
+
µ +
1√
2
b¯′Lγ
µtLW
−
µ +
1
cW
Zµt¯Lγ
µtL
](
1 +
h
v
)2
, (108a)
OWt = −gmt
[
1√
2
b¯′Lσ
µνtRW
−
µν + t¯Lσ
µνtR
(
1
2cW
Zµν + igW
−
µ W
+
ν
)](
1 +
h
v
)
, (108b)
OWb = −gmb
[
1√
2
t¯′Lσ
µνbRW
+
µν − b¯LσµνbR
(
1
2cW
Zµν + igW
−
µ W
+
ν
)](
1 +
h
v
)
, (108c)
which appear in the Lagrangian with couplings CLL,Wt,Wb, respectively. Here, b
′ = Vtbb +
Vtss+Vtdd, t
′ = V ∗tbt+V
∗
cbc+V
∗
ubu, and cW = cos θW , with θW the Weinberg angle. In total, the
effective Wtb vertex can then be written as
Ltb = g√
2
t¯
[
γµ
(
Vtb(1 + δLL)PL + ξtb PR
)
W+µ − σµνW+µν
(
mtC
∗
WtPL +mbCWbPR
)]
b+ h.c. ,
(109)
where6 δLL =
v2
2 CLL. Eq. (109) provides a general parametrization of the Wtb vertex [193] and
these couplings have been studied in many previous works [79, 192–205]. Most of these studies
constrain the Wtb vertex by looking at collider processes or flavor constraints (in particular
∆B = 1 processes). Here we study the effect of turning on ξtb and CLL,Wt,Wb simultaneously,
while taking into account both collider and low-energy constraints including those from EDM
experiments which are usually not considered.
To derive the resulting constraints we require several additions to the expressions discussed
in previous Sections. In particular, for the CLL,Wb,Wt contributions to the helicity fractions
discussed in Section 2.4, we employ the expressions given in Ref. [79]. We take into account
δLL contributions to single-top production by replacing Vtq → Vtq(1 + δLL), where q ∈ (d, s, b).
6Within the framework of the SMEFT, OLL arises from the operators Q
(1)
Hq and Q
(3)
Hq in the notation of
[42,43,80]. We follow Ref. [192] and assume no flavor-changing neutral currents at tree level, the Wtb coupling is
then hermitian and CLL is forced to be real.
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Figure 18: The figure shows the constraints in the ξtb − v2 CWb plane, illustrating the significant can-
cellations that can occur between the two couplings. The real (imaginary) couplings are shown in the
left (right) panel. The exclusion bands (at 90% C.L.) assume that only CWb and ξtb are generated at the
scale Λ.
For the running and matching of CLL,Wt,Wb onto the C7,8 operators relevant for b → qγ, we
use the expressions in Refs. [192, 206]. Finally, for the contributions of CWt and CWb to EDMs
we follow the analysis of Refs. [207, 208]. With this combined input we turn on δLL, ξtb, and
CWt,Wb simultaneously, while setting Vtb = 1. The resulting constraints are shown in Table 12,
together with the bounds that result from a single-coupling analysis.
The constraints on δLL and CWt are the least affected by the presence of the other operators,
and the marginalized bounds are fairly close to the single-coupling analysis. This can be under-
stood by noticing that δLL is stringently constrained by single-top production, which does not
allow for cancellations against the other couplings. Similarly, ImCWt provides the dominant
contribution to the electron EDM such that its constraint survives to large extent the global
analysis as well. ReCWt is constrained by several observables with similar strength (electroweak
precision tests, W helicity fractions, and b → sγ, see Ref. [208]) such that the marginalized
constraint is not too different from the individual one.
The situation is significantly different for CWb and ξtb. In the single-coupling analysis the
real parts of these couplings are mainly constrained by b → sγ, while their imaginary parts
are constrained by the neutron EDM. When both operators are present the constraints on the
real and imaginary parts can be weakened significantly by mutual cancellations in BR(b→ sγ)
and dn, respectively. In fact, comparing the second (fifth) and third (sixth) columns of Table12
we see that the limits on the real (imaginary) part of ξtb deteriorate by roughly two orders of
magnitude. The bounds are similarly weakened for CWb.
This effect is illustrated in Fig. 18, where we show the constraints in the ξtb −CWb plane for
the real and imaginary parts. The results in this figure assumes only ξtb and CWb to be present
at the scale Λ, but this is sufficient to see that significant cancellations can occur between these
two couplings. The left-panel shows that the CP-even b → sγ observables allow for a free
direction, and the much weaker limits from the helicity fractions and h → bb¯ are needed to
obtain a constraint. In the case of the imaginary parts, shown in the right panel, the neutron
EDM allows for a free direction and the electron EDM is needed to obtain a bound. As can be
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Figure 19: The figure shows the constraints in the Re ξtb − Im ξtb plane. The constraints from b → sγ,
dn, de, the helicity fractions, and h→ bb¯ are shown in red, purple, green, blue, and orange, respectively,
and assume that only ξtb is generated at the scale Λ. The dashed black line is the resulting constraint
when marginalizing over the other tb couplings.
seen from Table 12, including CWt and δLL hardly affects the bounds on the real parts of ξtb and
CWb compared to Fig. 18. The limits on the imaginary parts are weakened by a minor factor
compared to Fig. 18, confirming that the major deterioration between the single-coupling and
global constraints are indeed due to cancellations between ξtb and CWb. A comparison of the
single-coupling and global constraints for the Re ξtb−Im ξtb plane is shown in Fig. 19. Again, it
is clear that turning on several couplings can severely weaken the various constraints.
In summary, in the tb sector isolating the right-handed current is complicated by the de-
generacy with the CWb dipole operator. Nevertheless, as shown in Table 9.3, the marginalized
constraints on most of the anomalous Wtb operators are very stringent.
10 Conclusion
Motivated by the attractive possibility of parity restoration at high energies, we investigated
possible footprints left behind by a right-handed extension of the SM. We studied in detail the
right-handed charged-current couplings ξij defined in Eq. (1), looking at their manifestations in
collider experiments, flavor physics, and low-energy precision tests.
Our work provides a case study of the complementarity of low-energy and collider experiments
in probing heavy new physics which is not within direct reach of the LHC, and therefore can be
analyzed in the framework of the SMEFT.
In a first major thrust of our work, assuming that at the scale Λ the SM is modified dominantly
by the RHCC operator, we have worked out the bounds on the ξij from a broad range of probes.
The resulting 90% C.L. limits are summarized in Eqs. (29) (collider) and (89), (90) (global fit).
A graphical summary is presented in Fig. 10. Note that in this setup one can straightforwardly
compare the sensitivity of various direct and indirect probes both at high and low energy. Such
a comparison reveals that low-energy probes provide the strongest constraints, putting most of
the ξij out of LHC sensitivity reach.
The above results, however, should be put in a broader context. Since most explicit models
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of new physics generate more than one class of operators at the UV-matching scale Λ, many of
the observables used in our analysis would receive contributions form several other dimension-
six operators in the SMEFT. Therefore, in a more general setting, the low-energy constraints
require that certain linear combinations of dimension-six Wilson coefficients (including the ξij)
be highly constrained, which in turn imposes non-trivial constraints on new physics scenarios.
Realizing this, in a second thrust of our work we have explored: (i) the impact of degeneracies on
the ξij , finding that the low-energy bounds can be weakened to a level comparable to the collider
sensitivity by turning on additional operators; (ii) ways to remove this degeneracy, identifying
observables that would uniquely point to RHCC, both at collider and low-energy. Details can
be found in Section 9, with focus on the couplings ξud, ξus, and ξtb. Our analysis shows the
importance of pursuing improved searches of ξij manifestations at both the energy and precision
frontiers, and suggests new handles on RHCC at colliders.
We conclude by listing the main highlights of our analysis:
• Keeping in mind the significant theoretical uncertainties, we note that the introduction of
appropriate ξij elements can help resolve some tensions between data and SM predictions in
flavor physics, such as ′/ [11] and the inclusive-exclusive discrepancy in Vub and Vcb [209,
210].
• In the framework of the linearly realized SMEFT, the most stringent collider constraint
on the light elements ξij , with i ∈ {u, c} and j ∈ {d, s, b}, come from the associated
production of a Higgs and a W boson, followed by W production and Higgs production
via vector boson fusion. The right-handed charged-current operator ξ also affects WZ
production, which, at the moment, provides somewhat weaker bounds.
• Nucleon beta decay, and leptonic and semileptonic decays of pion, kaons, and D mesons
allow one to obtain strong bounds on the elements ξud, ξus, ξcd, and ξcs. Under the
assumption that the SM is modified solely by the RHCC operator ξ, the low-energy bounds
put on ξud and ξus are out of the collider reach, while in the case of ξcd and ξcs improved
constraints from the LHC Run II can compete with low-energy bounds. If we allow for
modifications to the couplings of left-handed quarks to the W boson, or for additional
semileptonic operators, the single coupling bounds on ξud can be weakened to the percent
level, see Fig. 12, making it important to look for collider constraints on this coupling.
• To this end, we identified differential distributions in WH production which are very
sensitive to the Lorentz structure of the coupling of the light quarks to the W boson.
In the presence of a deviation from the SM expectations, these distributions could help
identify the possible origin of the correction, disentangling RHCC interactions from other
possible modifications of the WH process (see for example Fig. 16).
• At colliders, it is hard to probe ξub and ξcb at a level comparable to the one achievable
in exclusive and inclusive B decays. Possible strategies might involve tagging b jets in
WH and V BF , but in both cases it would remain hard to access values of ξub and ξcb
smaller than the corresponding CKM elements. We observe that, even including flavor
observables, the bounds on ξub and ξcb are not extremely strong. In light of this, a more
detailed study of RH contributions to inclusive B-meson decays might be appropriate.
Such a study might also resolve whether RHCCs can explain the current tension between
the determinations from exclusive and inclusive B decays.
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• The collider observables that are needed to constrain the third row of the ξ matrix are
single-top production, top decays, with particular attention to the W polarization in the
decay, and h→ bb¯. It is quite interesting that the loop process h→ bb¯ already probes ξtb
at a level comparable to top decays.
• Right-handed currents in the top sector are, however, severely constrained by B → Xs,dγ
and EDMs. In a single-coupling analysis, the limits are two to three orders of magnitude
stronger than collider limits, and are not severely weakened by turning on ξtd, ξts, and ξtb
at the same time. The collider limits become relevant only if we allow for more general
modifications of the Wtb vertex. In Section 9.3 we therefore performed a global analysis,
including all relevant low- and high-energy experiments, of the most general modification of
the Wtb interactions. In such a scenario, ξtb and CWb are strongly correlated (see Fig. 18)
and the resulting limits are significantly softened. Our analysis extends those based on
subsets of the available data, see e.g. Refs. [196, 197, 205], and reflects the relevance of
low-energy precision experiments.
• Despite the large theoretical uncertainties, limits on EDMs provide strong constraints on
the imaginary parts of many ξ elements and even on some of the real parts because of
the interplay with imaginary parts of certain CKM elements. Improvements of hadronic
and nuclear theory could further strengthen the constraining power of EDM experiments
as can be seen from Fig. 10. In the ideal case of negligible theoretical uncertainties, EDM
experiments would set the strongest constraints on all imaginary parts (except for Im ξbc),
reaching the O(103 TeV) scale for Im ξud, and the real parts of ξub, ξcd, and ξtd.
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A Additional input for CKM fits
In this Appendix we discuss several processes that get small contributions from RHCCs, but that
were used in the fits discussed in Section 8 to constrain the SM CKM elements. In Appendix A.1
we discuss B → J/ψK, which determines the CKM angle β. RHCC in the Wbc vertex contribute
to this observable at tree level, but, as we will argue, the contribution is suppressed with respect
to the SM. The remaining elements of the ξij matrix generate no or small contributions, after
taking into account the limits from other observables.
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In Appendix A.2 we discuss the FCNC decays Bq → µ+µ−, KL → pi0νν, and the penguin
contributions to KL → pi0e+e−. These contributions are quadratic in ξ and necessarily involve
two different ξ elements. Thus, they do not play any role in a single coupling analysis. Finally,
in Appendix A.3 we discuss ∆F = 2 processes. Also in this case, contributions are quadratic in
ξ. Both types of processes might play a more important role in a global analysis involving all
ξij couplings, as possible cancellations may allow for larger values of the ξij couplings. However,
this is beyond the scope of the current work, and we neglect all dimension-eight effects discussed
in these appendices.
A.1 B → J/ψK
The CKM angle β = arg
( − VcdV ∗cbVtdV ∗tb ) is determined from SJ/ψK which appears in the CP asym-
metry,
Γ(B¯ → J/ψK)− Γ(B → J/ψK)
Γ(B¯ → J/ψK) + Γ(B → J/ψK) = SJ/ψK sin(∆mdt) + CJ/ψK cos(∆mdt) . (110)
Here
SJ/ψK =
2ImλJ/ψK
1 + |λJ/ψK |2
, λJ/ψK =
q
p
A¯J/ψK
AJ/ψK
=
V ∗tbVtd
VtbV
∗
td
A¯J/ψK
AJ/ψK
, (111)
where the ratio qp =
V ∗tbVtd
VtbV
∗
td
is due to the B¯ − B mixing and AJ/ψK (A¯J/ψK) is the amplitude
for the decay B → J/ψK (B¯ → J/ψK). In the SM, this amplitude is due to a tree-level decay
(proportional to VcbV
∗
cs) followed by K¯ − K mixing (the real part of which is dominated by a
term proportional to VcsV
∗
cd), such that to good approximation we have,
A¯J/ψK
AJ/ψK
=
VcbV
∗
cd
V ∗cbVcd
, SJ/ψK = sin 2β . (112)
The experimental value is given by [71],
SJ/ψK = 0.682± 0.019 . (113)
RHCCs can contribute to this observable through the amplitude, AJ/ψK , or through B or K
mixing. As discussed in Appendix A.3, the RHCC contributions to meson mixing are quadratic
in ξ, and we neglect them here. The RHCC contributions to the amplitude can arise from ξcs
and ξcb. The constraints on ξcs from semileptonic D and Ds decays imply that the contribution
to SJ/ψK is at the percent level and therefore negligible. As for ξcb, the corrections to SJ/ψK are
proportional to ξcb/Vcb and to ratios of the matrix elements of the left-right and SM operators,
Ocb cs1,2LR and Ocb cs1,2LL. In this case, inclusive and exclusive B decays into charmed final states
and Bq − B¯q oscillations allow for relatively large values of Im(ξcb)/Vcb, Im(ξcb)/Vcb ∼ 0.3. For
exclusive B decays into s-wave charmonia, it was shown that the matrix elements factorize [211–
213]. In particular, in the case of the left-right operators, one has to estimate the matrix element
〈J/ψ|c¯LcR|0〉. While a precise evaluation is difficult, we notice that both in the nonrelativistic
and in the mc → 0 limit, the matrix element vanishes at leading order. We therefore expect
the corrections to AJ/ψK to be relatively small. Since the suppression factors in the two limits,
the relative velocity of the charm quarks in the J/ψ or the ratio mJ/ψ/mB, are not extremely
small, it might nonetheless be worthwhile to more rigorously investigate RHCC contributions
to B → J/ψK.
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A.2 ∆F = 1 neutral current decays
The effective Hamiltonian for B0s,d → µ+µ−, KL → µ+µ−, KL → pi0e+e− and KL → pi0νν
contains the semileptonic operators
H = −G
2
Fm
2
W
16pi2
{
CijL V d¯
jγµPLd
i l¯γµl + C
ij
R V d¯
jγµPRd
i l¯γµl + C
ij
L ll d¯
jγµPLd
i l¯γµPLl
+CijR ll d¯
jγµPRd
i l¯γµPLl + C
ij
L νν d¯
jγµPLd
i ν¯γµPLν + C
ij
R νν d¯
jγµPRd
i ν¯γµPLν
}
.(114)
The matching coefficients at the scale µ = mW are obtained by computing penguin and box
diagrams, and, for i 6= j, we find in the MS scheme
CijL V = V
∗
tjVtis
2
w
{
8(8− 50xt + 63x2t + 6x3t − 24x4t )
9(xt − 1)4 log xt +
4xt(108− 259xt + 163x2t − 18x3t )
9(xt − 1)3
}
,
CijR V = ξ
∗
tjξtis
2
w
{
32
3
(2− 3xt) log µ
2
m2W
+
8(8− 14xt − 81x2t + 222x3t − 168x4t + 36x5t )
9(xt − 1)4 log xt
−4(−320 + 528xt + 141x
2
t − 493x3t + 162x4t )
27(xt − 1)3
}
−
(
1472
27
− 256
9
log
µ2
m2W
)
s2w(ξ
∗
cjξci + ξ
∗
ujξui) ,
CijL ll = V
∗
tjVti
{
12x2t
(xt − 1)2 log xt +
4xt(xt − 4)
xt − 1
}
,
CijR ll = ξ
∗
tjξti
{
4(−3 + 4xt) log µ
2
m2W
− 4xt(10− 11xt + 4x
2
t )
(xt − 1)2 log xt + 4
4− 4xt + 3x2t
xt − 1
}
−
(
16 + 12 log
µ2
m2W
)
(ξ∗cjξci + ξ
∗
ujξui) ,
CijL νν = V
∗
tjVti
{
−12xt(xt − 2)
(1− xt)2 log xt − 4xt
2 + xt
xt − 1
}
,
CijR νν = ξ
∗
tjξti
{
4(3− 4xt) log µ
2
m2W
+ 4xt
4− 11xt + 4x2t
(1− xt)2 log xt + 4
2 + 4xt − 3x2t
xt − 1
}
−
(
8− 12 log µ
2
m2W
)
(ξ∗cjξci + ξ
∗
ujξui) , (115)
where we neglected powers of xc and xu and we used unitarity for the SM contributions.
Of the above operators, CbqL ll and C
bq
R ll contribute to B
0
s ,d → l+l− and KL → µ+µ−. The
photon penguins CijL V and C
ij
R V do not contribute due to vector current conservation. The decay
rate is
Γ(B0q → l+l−) =
1
32pi
√
1− 4m
2
l
m2Bq
mBqf
2
Bqm
2
l
(
G2Fm
2
W
16pi2
)2 ∣∣∣CbqL ll − CbqR ll∣∣∣2 , (116)
where the minus sign between the Wilson coefficients is due to the fact that only the axial part
of the quark current contributes. The observed branching ratios for Bd,s → µ+µ− are [101]
BR(B0d → µ+µ−) =
(
3.9+1.6−1.4
) · 10−10, BR(Bs → µ+µ−) = (2.8+0.7−0.6) · 10−9. (117)
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From Eq. (115) one sees that RHCC contributions to these processes are relevant if ξ∗tbξtq ∼
V ∗tbVtq. As discussed in Section 8, this possibility is ruled out by B → Xs,dγ, even when all ξtj
are turned on at the same time. Similarly, the RHCC contributions to KL → µ+µ− are small
after taking into account limits from semileptonic decays and B → Xqγ. In our analysis we
therefore only use BR(B0s,d → µ+µ−) to constrain the CKM elements Vts and Vtd.
CsdL νν and C
sd
R νν contribute to the decay KL → pi0νν¯. The contributions of the SM and
RHCC are of similar size if Im (ξ∗tsξtd) ∼ Im(V ∗tsVtd) ∼ 10−4, which is ruled out by EDMs, and
by the branching ratio and CP asymmetry in B → Xs,dγ. Therefore, this channel might become
interesting only in scenarios in which multiple operators are turned on at the same time.
The operators CsdLV and C
sd
Lµµ give the leading SM contribution to KL → pi0e+e−. They are
related to the operators C7V and C7A defined in Ref. [85] by
C7V =
αem
32pis2w
(
CdsLV +
CdsLµµ
2
)
, C7A = − αem
64pis2w
CdsLµµ . (118)
C7A does not run, while C7V mixes with tree-level charged currents. Factoring out a factor of
αem/2pi, the authors of Ref. [85] define the couplings
y˜7V (µ) = P0(µ)− 4
(
C0(xt) +
1
4
D0(xt)
)
+
Y0(xt)
s2w
, y˜7A = −Y0(xt)
s2w
, (119)
with
Y0(xt) =
xt
8
(
4− xt
1− xt +
3xt
(1− xt)2 log xt
)
,
C0(xt) =
xt
8
(
xt − 6
xt − 1 +
3xt + 2
(1− xt)2 log xt
)
,
D0(xt) = −4
9
log xt +
−19x3t + 25x2t
36(xt − 1)3 +
x2t (5x
2
t − 2xt − 6)
18(1− xt)4 log xt , (120)
where xt = m
2
t /m
2
W . Without resummation, P0 = −4/9 log xc. The value of P0(µ) at different
scales is given in Ref. [85].
A.3 ∆F = 2 processes
The effective Hamiltonian for ∆S = 2 processes in the presence of a RHCC is given by [214]
Heff = G
2
Fm
2
W
16pi2
∑
Ci(µ)Oi(µ), (121)
with
OVLL1 = (s¯γµ PLd) (s¯γµ PLd), OVRR1 = (s¯γµ PRd) (s¯γµ PRd),
OLR1 = (s¯γµ PLd) (s¯γµ PRd), OLR2 = (s¯PLd) (s¯PRd),
OSLL1 = (s¯PLd) (s¯PLd), OSRR1 = (s¯PRd) (s¯PRd),
OSLL2 = (s¯σµνPLd) (s¯σµνPLd) OSRR2 = (s¯σµνPRd) (s¯σµνPRd) . (122)
An analogous Hamiltonian can be written for ∆B = 2 and ∆C = 2 processes.
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The coefficients Ci are obtained by computing the box diagrams with two W exchanges, for
which we find in the MS scheme
CVLL1 = V
∗
isVidV
∗
jsVjd
(
(6− xi − xj) log µ
2
m2W
+ f1(xi, xj)
)
,
CLR1 = 2V
∗
isVidξ
∗
jsξjd
(
(6− xi − xj) log µ
2
m2W
+ f2(xi, xj)
)
,
CLR2 = 2
mimj
m2W
ξ∗isVidV
∗
jsξjd
(
−4 log µ
2
m2W
+ f3(xi, xj)− 4δiu,cδju,c g(xi, xj)
)
,
CSLL1 =
mimj
m2W
ξ∗isVidξ
∗
jsVjd
(
−4 log µ
2
m2W
+ f3(xi, xj)− 4δiu,cδju,c g(xi, xj)
)
,
CSRR1 =
mimj
m2W
V ∗isξidV
∗
jsξjd
(
−4 log µ
2
m2W
+ f3(xi, xj)− 4δiu,cδju,c g(xi, xj)
)
,
CSLL2 =
mimj
m2W
ξ∗isVidξ
∗
jsVjd
(
f4(xi, xj)− δiu,cδju,c g(xi, xj)
)
,
CSRR2 =
mimj
m2W
V ∗isξidV
∗
jsξjd
(
f4(xi, xj)− δiu,cδju,c g(xi, xj)
)
, (123)
where i = u, c, t and j = u, c, t label the internal up-type quark, and a summation over i, j is
understood. mi, mj are the masses of the internal up-type quarks, and xi = m
2
i /m
2
W . The loop
functions are
f1(xi, xj) = = −
x2j (4− 8xj + x2j )
(xi − xj)(−1 + xj)2 log(xj) +
x2i (4− 8xi + x2i )
(−1 + xi)2(xi − xj) log xi
+2− 3
2
(xi + xj)− 3(xi + xj − xixj)
(1− xi)(1− xj) ,
f2(xi, xj) = −
(−4 + xj)2x2j
(xi − xj)(xj − 1)2 log(xj)−
(−4 + xi)2x2i
(−1 + xi)2(−xi + xj) log xi
+14− 3
2
(xi + xj) + 9
xi + xj − xixj
(1− xi)(1− xj) ,
f3(xi, xj) = −
4xj(4− 2xj + x2j )
(xi − xj)(−1 + xj)2 log xj +
4xi(4− 2xi + x2i )
(−1 + xi)2(xi − xj) log xi,
+
4(2 + xi + xj − xixj)
(−1 + xi)(−1 + xj) ,
f4(xi, xj) =
2(−2 + xj)xj
(xi − xj)(−1 + xj)2 log xj +
2(−2 + xi)xi
(−1 + xi)2(−xi + xj) log xi +
2
(−1 + xi)(−1 + xj) .
(124)
The remaining function, g(xi, xj), arises from the matching contributions in the theory below
µ = mW , which is why it does not receive contributions from diagrams involving the top quark.
Up to O(xu, xc) corrections, it is given by,
g(xi, xj) = −4
(
1 + log
µ2
m2W
− xi log xi − xj log xj
xi − xj
)
. (125)
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We verified that the expressions in Eq. (123) are gauge independent. Our results are in
agreement with Ref. [215], except that we find matching contributions to CLR2 , C
SLL
2 and C
SRR
2 ,
which are not given in Ref. [215], and we do not assume unitarity of the ξij matrix. Most
expressions in Eq. (123) are UV divergent. For the SM coefficient CVLL1 the unitarity of the
CKM guarantees that after summing over i, j the divergence cancels. In all other cases, the
divergence indicates mixing of two insertions of RHCC onto ∆F = 2 four-fermion operators
between the high-energy scale, Λ, and mW . The QCD running of the operators in Eq. (122)
below the scale mW is discussed in detail in Ref. [214].
A.3.1 B − B¯ oscillations
The Hamiltonian in Eq. (121) can be used to compute the mass difference between mass eigen-
states in the B0d,s – B
0
d,s systems
∆mq = 2|M (q)12 | =
∣∣〈B¯0q |Heff |B0q 〉∣∣
mBq
=
(
G2Fm
2
W
16pi2
)
1
mBq
∣∣∣∣∣∑
i
Ci(µ) 〈B¯0q |Oi|B0q 〉
∣∣∣∣∣ . (126)
The matrix elements for the operators in the basis (122) have been computed on the lattice in
Ref. [216], and we have
〈B¯0q |OVLL1 |B0q 〉 = 〈B¯0q |OVRR1 |B0q 〉 =
8
3
Bq1(µ)m
2
Bqf
2
Bq , (127)
〈B¯0q |OSLL1 |B0q 〉 = 〈B¯0q |OSRR1 |B0q 〉 = −
5
12
Bq2(µ)R(µ)m
2
Bqf
2
Bq , (128)
〈B¯0q |OSLL2 |B0q 〉 = 〈B¯0q |OSRR2 |B0q 〉 =
(
5
3
Bq2(µ)−
2
3
Bq3
)
R(µ)m2Bqf
2
Bq , (129)
〈B¯0q |OLR1 |B0q 〉 = −
1
3
Bq5(µ)R(µ)m
2
Bqf
2
Bq , (130)
〈B¯0q |OLR2 |B0q 〉 =
1
2
Bq4(µ)R(µ)m
2
Bqf
2
Bq , (131)
where R(µ) = m2Bq/(mb(µ) + mq(µ))
2. The bag parameters, in the MS scheme at the scale
µ = mb = 4.2 GeV are summarized in Table 13. The FLAG average for the Bd and Bs decay
constants is given in Table 8. The RGE factors to run the coefficients in Eq. (123) to the scale
µ = mt to µ = mb are given in Ref. [214].
Neglecting the RHCC contributions which are quadratic in ξ, one has to good approximation
in the SM,
∆mq = 2|M (q)12 | =
G2Fm
2
W
6pi2
|VtqV ∗tb|2f2BqBˆBqηBS0(xt, xt) , (132)
in which xt should be evaluated at µ = mt and ηB = 0.55±0.01 [217], S0(xi, xj) = 14(f1(xi, xj)−
f1(0, xj)−f1(xi, 0)+f1(0, 0)). In place of Bs,d1 , it is convenient to introduce the renormalization-
group-independent bag parameters BˆBd,s , for which we use [93]
fBd
√
BˆBd = 219± 14 MeV , fBs
√
BˆBs = 270± 16 MeV . (133)
The experimental values of ∆ms and ∆md are
∆md = (0.5064± 0.0019) ps−1 , ∆ms = (17.757± 0.021) ps−1 . (134)
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B1 B2 B3 B4 B5
B0d − B¯0d [216] 0.85± 0.04 0.72 ± 0.03 0.88 ± 0.13 0.95 ± 0.05 1.47 ± 0.12
B0s − B¯0s [216] 0.86± 0.03 0.73 ± 0.03 0.89 ± 0.12 0.93 ± 0.04 1.57 ± 0.11
K0 − K¯0 [93] 0.56 ± 0.01 0.50 ± 0.01 0.77 ± 0.03 0.93 ± 0.02 0.72 ± 0.04
Table 13: Bag parameters for Bq − B¯q and K0 − K¯0 oscillations, in the MS scheme. For
Bq − B¯q oscillations, we use the results of Ref. [216], and the bags parameters are given at
the renormalization scale µ = mb. For K
0 − K¯0 oscillation, we quote the FLAG averages of
simulations performed with nf = 2 + 1 flavors [93]. In this case, B1 = BK is given at the
renormalization scale µ = 2 GeV, while B2,...,5 are given at µ = 3 GeV.
A.3.2 εK
In the case of K0−K¯0 oscillations, the mass difference ∆mK = mKL−mKS receives sizable long-
distance contributions [85], whose uncertainties prevent the use of ∆mK for a precise extraction
of the CKM elements. On the other hand, CPV in K0 − K¯0 mixing is dominated by short-
distance effects. The indirect CP violation in K → pipi decays is parametrized by the parameter
εK , which, up to O(ξ2) corrections, is given by [176]
εK =
G2Fm
2
W
12pi2
mKf
2
KBˆK√
2∆mK
κεIm
(
ηcc(V
∗
csVcd)
2S0(xc) + 2ηctV
∗
csVcdV
∗
tsVtdS0(xc, xt)
+ηtt(V
∗
tsVtd)
2S0(xt)
)
.
Here xt should be evaluated at µ = mt and xc at µ = mc, furthermore from FLAG and Ref. [217]
BˆK = 0.717± 0.018± 0.016 , κε = 0.94± 0.02 ,
ηcc = 1.87± 0.76, ηct = 0.496± 0.047 , ηtt = 0.5765± 0.065 . (135)
BˆK is the renormalization-group-invariant bag factor. In Ref. [11], we considered long-range
contributions to εK , linear in ξus and ξud. Since the ensuing constraints on these couplings are
much weaker than the one from ′/, we do not include these corrections here.
B Two-loop contributions to the electron EDM
As the ξ operator only couples the W boson to quarks it mainly induces hadronic EDMs.
However, the ξtb coupling also generates a (fairly small) electron EDM at the two-loop level.
Here we briefly describe this contribution.
In the relevant diagram two W bosons connect an electron line with a top-bottom loop which
emits a photon. Neglecting the lepton masses, this produces the following contribution to the
electron EDM,
v2 c˜
(ee)
γl |2loop = −16Nc
ytyb
(4pi)4
Im
(
ξtbV
∗
tb
)[Qt
Qe
F (xt, xb) + (t↔ b)
]
, (136)
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where xi ≡ m2i /m2W , and
F (xi, xj) =
1
2
∫ 1
0
dx
x− 1
x2 + x(xj − xi − 1) + xi ln
x(1− x)
x(xj − xi) + xi . (137)
In the approximation of small xb, the loop function becomes,
F (xt, 0) =
1
2
[
Li2(1− 1/xt)− pi
2
6
]
,
F (xb, xt) ' 1
2
1
xt − 1
[
lnxt ln
xb
xt
− (xt + 1)Li2(1− 1/xt)
]
+
pi2
12
. (138)
Below the scale µ = mW , a second matching contribution arises from an operator of the form,
L = C(b,e)b¯σµνb e¯ iσµνγ5e. This operator is generated at one loop and, in turn, induces the
electron EDM through an additional loop. All combined, the matching conditions at the scales
µ = mW and µ = mb become
v2C(b,e)(µW ) =
ytye
(4pi)2
lnxt
1− xt Im
(
ξtbV
∗
tb
)
,
c˜
(ee)
γl (µW ) = c˜
(ee)
γl |2loop −
8Nc
(4pi)2
mbQb
meQe
ln
m2b
µ2W
C(b,e)(µW ) ,
c˜
(ee)
γl (µ
−
b ) = c˜
(ee)
γl (µ
+
b ) +
8Nc
(4pi)2
mbQb
meQe
ln
m2b
µ2b
C(b,e)(µb) , (139)
where µW ' mW indicates a scale around µ = mW , while µ+b (µ−b ) refers to a scale just above
(below) the b-quark threshold. Finally, the RG evolution between mW and mb, which determines
C(b,e)(µ+b ) and c˜
(ee)
γl (µ
+
b ), is given by
d
d lnµ
c˜
(ee)
γl (µ) = 16Nc
1
(4pi)2
mbQb
meQe
C(b,e)(µ) ,
d
d lnµ
C(b,e)(µ) = 2CF
αs
4pi
C(b,e)(µ) . (140)
The electron EDM does not evolve under RG µ = mb (apart from small QED corrections), we
use c˜
(ee)
γl (2 GeV) = c˜
(ee)
γl (µ
−
b ) which is given in Table 7.
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